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Hintergrund: Herzinsuffizienz mit konservierter Ejektionsfraktion (HFpEF) ist ein 
wichtiger Bestandteil der Herzinsuffizienz (HF). Patienten mit HFpEF weisen eine 
signifikante Morbidität und Mortalität auf, aber im Gegensatz zu Herzinsuffizienz mit 
verringerter Ejektionsfraktion (HFrEF) gibt es derzeit keine wirksamen, validierten 
Therapien. Die Wiederholung der klinischen Merkmale im Mausmodell kann uns dabei 
helfen, die dem HFpEF zugrunde liegenden Mechanismen besser zu verstehen. 
Angiotensin II (Ang II) -infundierte Mäuse werden als ein besseres Mittel zur Replikation 
des humanen HFpEF-Phänotyps angesehen. Drei veröffentlichte Studien mit 
unterschiedlicher Ang II-Dosis und -Dauer gaben an, dass sie eine diastolische 
Dysfunktion auslösen könnten. In der vorliegenden Studie wiederholten wir die Ang II-
Dosis und -Dauer der obigen drei Studien und suchten nach einer, die dem HFpEF-
Phänotyp nahe kommt. 
Methoden: C57BL6 / j-Mäuse (Charles River, männlich, 8 Wochen alte Mäuse) wurden 
zufällig der Kontrolle 1,1 mg / kg 14d, Ang II 1,1 mg / kg 14d, Kontrolle 1,5 mg / kg 14d, 
Ang II 1,5 mg / kg 14d, Kontrolle 0,2 mg / kg 28d und Ang II 0,2 mg / kg 28d. 
Angiotensin II (1,1 mg / kg oder 1,5 mg / kg oder 0,2 mg / kg) wurde an 14 oder 28 
aufeinanderfolgenden Tagen angewendet (Dosis und Dauer hielten sich an die 
Gruppennamen). An den Endpunkten der Mäuse wurde eine hämodynamische 
Untersuchung durchgeführt. Dann wurden die linken Ventrikel (LVs) für die folgenden 
molekularen und immunhistochemischen Untersuchungen entnommen. 
Ergebnisse: An den Endpunkten von Mäusen wiesen die hämodynamischen 
Parameter darauf hin, dass alle Gruppen die normale linksventrikuläre Auswurffraktion 
(LVEF) aufwiesen und die globale Herzfunktion nur wenig veränderten. Im systolischen 
Funktionsteil, nahm der dP / dtmax (P = 0,0183) der Ang II 1,1 mg / kg 14d-Mäuse ab, 
während sich andere Ang II-Mäuse wenig änderten. Im Vergleich der diastolischen 
Funktion war der dP / dtmin von Ang II 1,1 mg / kg 14d-Mäusen signifikant niedriger, der 
Rest von Ang II-Mäusen veränderte sich geringfügig, ohne signifikant zu sein. Die 
Fibrosemessungen zeigten, dass die Ang II 1,1 mg / kg 14d-Mäuse eine ausgeprägtere 
Fibrose erhielten. Beziehen Sie sich auf die Expression von Myh7b und Acta1, es ist 
wahrscheinlicher, dass bei Ang II 1,1 mg / kg 14d eine Hypertrophie auftritt als bei den 




A9-Signalwegs zeigten, dass Ang II 1,1 mg / kg 14d-Mäuse eine stärkere Entzündung 
aufwiesen, was auch durch immunhistochemische Hinweise bestätigt wurde. 
Schlussfolgerungen: Die vorliegende Studie zeigte, dass Ang II 1,1 mg / kg 14d-
Mäuse Eigenschaften aufweisen könnten, die dem HFpEF-Prototyp unter drei Gruppen 
von Mäusen mit unterschiedlichen Ang II-Dosen und -Dauern am nächsten kommen. 
Die Ermittlung eines idealen HFpEF-Modells und des dahinter stehenden Mechanismus 




Background: The prevalence of heart failure with preserved ejection fraction (EF) 
(HFpEF), also referred to as diastolic heart failure, continues to increase in the 
developed world. Up to now, there are no effective, validated therapies improving 
survival in patients with HFpEF, indicating the need to further understand its underlying 
pathomechanisms. Since HFpEF is a syndrome involving different organs, mouse 
models can help us to better understand the mechanisms underlying HFpEF. The 
present research was conducted to verify which of three previously published Ang II 
regimens shown to induce diastolic dysfunction in mice better leads to an HFpEF 
phenotype. 
Methods: C57BL6/j mice (Charles River, male, 8-week-old mice) were randomly 
assigned to control 1.1mg/kg 14d, Ang II 1.1mg/kg 14d, control 1.5mg/kg 14d, Ang II 
1.5mg/kg 14d, control 0.2mg/kg 28d, and Ang II 0.2mg/kg 28d groups. During 14 or 28 
consecutive days, Ang II was applied at the indicated dose via subcutaneous injection. 
At the day of sacrifice, hemodynamic measurements were performed to characterize left 
ventricular (LV) function followed by harvesting of the LVs for subsequent molecular and 
immunohistochemical analysis.  
Results: All the Ang II groups displayed a preserved LVEF at the day of sacrifice. This 
was accompanied by a decreased dP/dtmax in the Ang II 1.1mg/kg 14d group, while the 
other Ang II groups remained unchanged. In addition, diastolic function, as indicated by 
dP/dtmin, was only reduced in Ang II 1.1mg/kg 14d mice compared to the corresponding 
controls. These changes in cardiac function in the Ang II 1.1 mg/kg 14d group were 
further paralleled by an increase of myocardial collagen I protein expression. 
Interestingly, angiogenesis was more pronounced in 1.1 mg/kg 14d Ang II versus 
controls, as indicated by higher density of arterioles and arteries in these mice. LV gene 
expression analysis of the alarmin S100A8/A9 pathway suggested an ongoing 
inflammation in these animals, which was confirmed by higher numbers of CD4+ and 
Ly6G+ cells in the heart of 1.1 mg/kg 14d Ang II mice compared to controls. 
Conclusions: The present study demonstrated that among the 3 tested Ang II 
administration schemes, application of 1.1 mg/kg Ang II for 14 days was most likely to 





1. Introduction  
Heart failure (HF) is defined as a condition by which the heart cannot pump enough 
blood to maintain blood flow to meet the body's needs. HF is a common, expensive, 
potentially fatal disorder(1). In 2015, it affected about 40 million people worldwide(2). 
Currently, there are 5.8 million people with HF in the United States, and 550,000 new 
cases are diagnosed each year. The forecast is worrying because more than 8 million 
people are expected to develop the disease by 2030, with a 46% increase in 
prevalence(3). The overall prevalence rate is similar in both sexes(4). In the past, HF 
with reduced ejection fraction (EF) (HFrEF) was the most commonly diagnosed clinical 
entity in HF patients. However, with the advancement of technology, the upgrading of 
diagnostic equipment, especially the popularity of echocardiography, HF has recently 
been divided into three subtypes, namely HFrEF, HF with preserved ejection fraction 
(HFpEF) and heart failure with mid-range ejection fraction (HFmrEF)(5). 
1.1. Epidemiology of HFpEF 
HFpEF may play a leading role in driving overall HF prevalence, as the proportion of 
patients with HFpEF has increased over the past 20 years, whereas the proportion of 
patients with HFrEF has been relatively stable or even decreasing(6). It was, therefore 
estimated that by 2020, approximately 65% of hospitalized HF patients would be HFpEF 
patients(7). HFpEF is the most common form of HF in patients over 65 years of 
age; >80% of new HF cases in older women are HFpEF(8). Current data show that the 
long-term prognosis of HFrEF and HFpEF cases is still poor, especially for HFpEF, 
which has an increased incidence and lack of effective treatment(9).  
Also, HFpEF is poorly investigated, which badly needs further exploration. To better 
understand the mechanisms underlying this disorder and helping scientists to explore 
future therapies, an optimized mouse model mimicking the clinical features of the most 
common form of HFpEF is particularly essential(10).  
1.2. The pathophysiology of HFpEF 
1.2.1. Left ventricle structure and remodeling 
The structural remodeling that often occurs in HFpEF differs dramatically from that in 
HFrEF. A typical HFpEF phenotype is described as concentric left ventricular 




unequivocal hemodynamic evidence of HF do not have structural remodeling of the 
heart but even have normal left ventricle (LV) geometry(12, 13). So the absence of 
structural heart disease does not exclude the diagnosis of HFpEF. Many, but not all, 
patients with HFpEF exhibit a concentric pattern of LV remodeling and a hypertrophic 
process that is characterized by the following features(14-16). 1) A normal or near-
normal end-diastolic volume. 2) Increased wall thickness and/or LV mass. 3) An 
increased ratio of myocardial mass to cavity volume. 4) An increased relative wall 
thickness (RWT). The RWT is defined as either 2 X (posterior wall thickness)/(LV 
diastolic diameter) or as (septal wall thickness + posterior wall thickness)/(LV diastolic 
diameter). At the structural level, myocardial cells in HFpEF are more collagen-rich than 
the control population, and cardiomyocytes in HFpEF are thicker and less elongated 
than HFrEF(17). By comparison, patients with HFrEF typically exhibit a pattern of 
eccentric remodeling with an increase in end-diastolic volume, an increase in LV mass 
but little increase in wall thickness, and a substantial decrease in the ratio of mass to 
volume and thickness to radius(18).  
1.2.2. Left ventricle diastolic limitations 
Diastolic dysfunction is defined as the incompetency to fill the ventricle to an sufficient 
preload volume at an acceptable low pressure(19). Diastolic dysfunction and HFpEF are 
not synonymous terms(20). Diastolic dysfunction refers to the unusual mechanical 
properties of the ventricles. It manifests in dysfunction of diastolic relaxation, filling, or 
distensibility of the LV. HFpEF denotes the signs and symptoms of clinical HF in a 
patient with a normal LVEF and LV diastolic dysfunction. Diastolic dysfunction alone is 
essentially part of normal human aging and is seen in many people that do not or never 
will have HFpEF. However, the presence of diastolic dysfunction is a risk factor for 
developing HFpEF(21).  
Delayed relaxation is one part of the "trouble" of the early diastolic phase of HFpEF. 
Healthy people have a "vacuum cleaner" effect in the LV, and prevent left atrium (LA) 
hypertension by increasing the suction of the LV(22). Studies have shown that the 
"vacuum cleaner" function of the LV in patients with HFpEF is lost, especially when the 
heart rate is elevated. The filling of the LV can only rely on the high pressure of the 




Ventricular passive diastolic stiffness is also an essential determinant of the increase in 
LV filling pressures in HFpEF(24). Most, but not all, studies have shown that, on 
average, LV end-diastolic stiffness is increased in patients with HFpEF(16, 24). In the 
absence of endocardial or pericardial disease, diastolic LV dysfunction is caused by an 
increase in myocardial stiffness, and the increase in myocardial stiffness depends 
primarily on the characteristics of the cellular and extracellular structural proteins(18). 
According to previous studies, the increase in myocardial passive stiffness is primarily 
due to the deposition of extracellular collagen (fibrosis). However, there is accumulating 
evidence that myocardial passive stiffness can occur in the absence of cardiac fibrosis, 
i.e., due to differences in titin regulation. Elevated myocardial passive stiffness is also 
associated with changes in the giant cytoskeletal protein titin(25). Increased passive 
stiffness of cardiomyocytes has been reported to be particularly pronounced in patients 
with HFpEF as well as in patients with aortic stenosis and diabetes(26).  
In ventricular tissue, fibrosis serves to impose a viscoelastic burden that compromises 
all of diastole, including the rate of relaxation, diastolic suction, and passive stiffness(27). 
Cardiac fibrosis in HFpEF is associated with impaired coronary microvascular 
density(28). Endothelial dysfunction can trigger cardiac fibrosis by different means(28). 
Primarily, NO deprivation, oxidative stress, inflammation, and age, all factors associated 
with endothelial dysfunction, trigger the endothelial-to-mesenchymal transition, a 
process by which endothelial cells transdifferentiate into fibroblasts and hereby 
contribute to cardiac fibrosis and diastolic dysfunction(28). Cardiac fibrosis and 
cardiomyocyte stiffness contribute to impaired diastolic and systolic mechanics, leading 
to increased LV stiffness and filling pressures, which can trigger, in a vicious circle, 





Figure 1. Endothelial dysfunction provokes cardiomyocyte stiffness/hypertrophy in the presence 
or absence of cardiac fibrosis. A systemic low-grade inflammatory status due to HFpEF-associated 
comorbidities (obesity, hypertension, hyperglycemia, and dyslipidemia) provokes endothelial dysfunction. 
Endothelial dysfunction is associated with microvascular inflammation, EndMT, and endothelial cell loss 
with release of apoptotic endothelial microparticles and promotes subendocardial ischemia. Endothelial 
dysfunction-associated deprivation of NO and natriuretic peptides and increase in oxidative stress (raise 
in reactive oxygen species, superoxide, ET-1, and Ang II) further contribute to cardiac fibrosis via 
stimulating proliferation and transdifferentiation of resident cardiac fibroblasts, activating EndMT, and 
facilitating the adhesion and transendothelial migration of inflammatory cells, including circulating 
fibrocytes, which trigger cardiac fibrosis via the release of TGF-ß. (Myo)fibroblasts on their turn activate 
the inflammatory process among others by the release of chemokines such as MCP-1. NO deprivation 
and oxidative stress boost cardiomyocyte stiffness and hypertrophy. Cardiac fibrosis and cardiomyocyte 
hypertrophy and stiffness on their turn trigger subendocardial ischemia, leading to a vicious circle. Ang II, 
angiotensin II; EndMT, endothelial-to-mesenchymal transition; ET-1, endothelin-1; IL, interleukin; MCP-1, 
monocyte chemoattractant protein-1; NO, nitric oxide; NPs, natriuretic peptides; O−2 ⁠, superoxide; ROS, 
reactive oxygen species; TGF-ß, transforming growth factor-ß; TNF-α, tumor necrosis factor-α; VCAM-1, 
vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor. Reproduced with 




At rest, only two-thirds of HFpEF population can be recognized as diastolic dysfunction 
by echocardiography(13). Many patients with HFpEF in the early stages do not exhibit 
an increase in LV filling pressure at rest(29). In addition, these early HFpEF patients 
typically have normal B-type natriuretic peptide (BNP) plasma levels, which leads 
clinicians to make a diagnosis without HF(29). Besides, the level of BNP observed in 
patients with HFpEF is sometimes lower than usual, and studies suggest that this may 
be associated with obesity(30). Although studies haven't shown that diastolic 
dysfunction in HFpEF can impair net LV filling at the compensated stage, this 
semblance of peace is at the expense of abnormal LA and LV pressure elevation(18, 31, 
32). Increased LA pressures can lead to dyspnoea, secondary pulmonary hypertension 
(PH), and atrial remodeling, which may make patients prone to right ventricular 
dysfunction and atrial fibrillation. A prospective trial showed that lowering LV filling 
pressure in HFpEF significantly reduced HF hospitalization(33). These further 
demonstrate that the significance of diastolic dysfunction in HFpEF should not be 
underestimated.  
The most conspicuous and commonly present abnormalities in patients with HFpEF are 
related to diastolic dysfunction. This may present with impairments in relaxation, 
increases in chamber stiffness, or both. These abnormalities lead to an increase in LV 
filling pressures at rest or during exercise that causes dyspnea(15, 17).  
1.2.3. Left ventricle systolic limitations 
In clinical practice, EF is often used to assess systolic function, but it is better suited to 
value the ventricular–arterial coupling(19, 34). By definition, the LVEF and most indices 
of contractile function are normal or nearly normal in patients with HFpEF. However, EF 
is a poor and nonspecific index of contractile function. Interestingly, normal contractility 
can present a lower EF at the presence of very high afterload. Weak contractility can 
even offer a normal EF at the presence of low afterload. Therefore, we cannot simply 
equate the contractility and EF. Studies have shown that the systolic function of patients 
with HFpEF can also show subtle abnormalities(35). This finding of impaired systolic 
function has been confirmed in numerous studies utilizing tissue Doppler and strain 
imaging techniques(14, 36).  
Abnormalities in LV systolic properties are strongly associated with adverse outcome in 




worsens diastolic reserve in HFpEF(38). These relatively mild abnormalities in systolic 
function at rest become much more significant limitations during exercise, which further 
burden an already impaired heart. Prior studies have shown that the inability to augment 
cardiac output (CO) during exercise is related mainly to poor systolic reserve, where a 
contractile function cannot be supplemented during stress in a usual fashion. This limits 
the ability to augment forward stroke volume and reduces cardiac output and end-organ 
perfusion(31, 38).  
1.3. Diagnosis of HFpEF 
HFpEF is a clinical syndrome in which patients have symptoms and signs of HF, a 
normal or near-normal LVEF (LVEF ≥50 percent), and evidence of cardiac dysfunction 
as a cause of symptoms (e.g., Abnormal LV filling and elevated filling pressures). Major 
society HF guidelines reflect reasonable consensus on minimum criteria for the 
diagnosis of HFpEF, while acknowledging diagnostic challenges(5, 39).  
Echocardiography is readily available in clinical practice and provides high-resolution 
information on cardiac anatomy and is often considered one of the most useful tests in 
the diagnosis of HFpEF(40). Diastolic dysfunction is a hallmark of HFpEF. The key 
echocardiographic measure for assessing diastolic dysfunction is E/e'. E represents the 
peak velocity of the transmission flow in the early diastole, and e' represents either the 
early diastolic septal or lateral lengthening peak velocity of the mitral annulus(40). To 
date, elevated E/e' (reflecting a filling pressure > 15 mmHg) has been included in the 
guidelines as sufficient evidence of diastolic dysfunction. In clinical practice, diastolic 
function can be affected by heart rate and cardiac load. Furthermore, some people have 
questioned the utility of E/e' because it is not sensitive enough and missed diagnosis. 
Therefore, the sole use of echocardiography for assessing diastolic dysfunction is 
questioned(40).  
BNP is mainly produced by the ventricular myocardium, and its release is stimulated by 
ventricular wall stress. Therefore, elevated plasma levels of BNP directly reflect 
myocardial stretch. High BNP or N-terminal pro b-type natriuretic peptide (NT-proBNP) 
levels have been shown to correlate with the severity of high filling and diastolic 
dysfunction and are strong predictors of outcome(41). Although NT-proBNP levels are 
lower in HFpEF than HFrEF, it is generally considered to be of value in routine 




its level is also affected by tachycardia, myocardial ischemia, atrial fibrillation, renal 
insufficiency, and obesity(40). Reduced NT-proBNP does not rule out HFpEF diagnosis, 
and elevated NT-proBNP does not necessarily predict diastolic dysfunction. 
Combination of NT-proBNP levels with other clinical manifestations of diastolic 
dysfunction is therefore recommended(40).  
Currently, the gold standard for the diagnosis of HFpEF is right cardiac 
catheterization(42). If the resting intracardiac pressure is normal, an invasive exercise 
test is performed. Due to its invasiveness, high complexity and cost, it is impractical to 
perform this test routineously(42). But it can be used as a backup option for patients 
who have used non-invasive techniques, but whose diagnosis is still unclear or 
suspected. Therefore, how to use the non-invasive technology to diagnose HFpEF 
quickly, and accurately has always been the direction of future efforts(42).  
Different algorithms have been proposed to diagnose HFpEF. The latest algorithm 
proposed by Pieske and colleagues(43, 44) from the Heart Failure Association (HFA) of 
the European Society of Cardiology (ESC) represents an accurate and straightforward 
algorithm to diagnose HFpEF. This algorithm includes four steps: step P, step E, step 
F1, and step F2. As shown in Figure 2: 1) Step P is meant to identify patients with the 
potential diagnosis of HFpEF and exclude or identify other specific causes for their HF-
like symptoms; 2) The second step E should be done If step P is positive, which 
includes comprehensive echocardiography and brain natriuretic peptide/N-terminal 
natriuretic peptide levels; 3) Step F1 should be done if step E is inconclusive. An 
invasive or non-invasive stress test is recommended; 4) Step F2 is designed to identify 
a specific etiology, if appropriate when HFpEF has been diagnosed. For the very 
important step E of this algorithm, which is shown in Figure 3, simply and intuitively 






Figure 2. Flowchart of the HFA-PEFF diagnostic algorithm (proposed by Pieske)(43, 44). Step P is 
meant to identify patients with the potential diagnosis of heart failure with preserved ejection fraction, and 
exclude or identify other specific causes for their heart failure-like symptoms. Patients likely to have heart 
failure with preserved ejection fraction are those with typical demographics (e.g. elderly, female, and 
comorbidities), a preserved left ventricular ejection fraction on a standard echocardiography, and other 
easily detectable findings such as elevated natriuretic peptides or atrial fibrillation. Alternative causes 
such as coronary artery disease, significant valvular disease, pulmonary disease, and anemia should be 
excluded during this initial workup. If Step P is positive, the second Step E should be done, which 
includes a comprehensive echocardiography and brain natriuretic peptide/N-terminal natriuretic peptide 
levels, if not already done on Step P. Step F1 should be done, if Step E is inconclusive. Depended on 
clinical facilities and patient conditions an invasive or non-invasive stress test is recommended. However, 
the invasive stress test has a higher validity and is an option if the result of the non-invasive stress test is 
not conclusive. The fourth Step, Step F2 is designed to identify a specific etiology, if appropriate, when 
heart failure with preserved ejection fraction has been diagnosed. Reproduced with permission from 





Figure 3. Scoring system for heart failure with preserved ejection fraction considering functional, 
morphological parameters and biomarkers with distinction of biomarker levels by sinus rhythm 
(SR) and atrial fibrillation (AF). (Step E of diagnostic algorithm proposed by Pieske)(43, 44). 
Reproduced with permission from Oxford University Press. 
 
Currently, the use of a single diagnosis algorithm to diagnose HFpEF still has 
limitations(43). Future research directions should be evaluated and optimized on the 
existing algorithms(43). Modern imaging methods can store a large amount of high-
quality and retrospective imaging data. The combination of imaging data, traditional risk 
factors, new biomarkers, comprehensive demographic data, proteomics, metabolomics, 
and genomic data can bring substantial potential driving force for the optimization of the 
future HFpEF diagnosis algorithm(45-47). 
 
1.4. Treatment and prognosis of HFpEF 
To date, clinical trials in HFpEF have produced neutral results, and treatment is 
primarily directed toward associated conditions and symptoms. Two strong 
recommendations are: 1) Systolic and diastolic hypertension should be controlled 
following published clinical practice guidelines to prevent morbidity; 2) Diuretics should 
be used to relieve symptoms due to volume overload. Similar recommendations were 
included in the 2013 American College of Cardiology Foundation/American Heart 
Association (ACC/AHA) HF guidelines and the 2016 European Society of Cardiology HF 




Due to the lack of data from clinical trials, current treatment of HFpEF is mainly focused 
on the management of contributing factors and comorbidities, including hypertension, 
diabetes, kidney disease, lung disease, coronary artery disease, obesity, anemia, and 
sleep-disordered breathing(48). The general principle of treatment of HFpEF is to use 
diuretics to control pulmonary congestion and peripheral edema, to treat systolic 
hypertension, coronary revascularization in patients with coronary heart disease, and to 
prevent heart rate acceleration (especially in patients with atrial fibrillation) (48).  
For patients with clear evidence of HFpEF (including increased brain natriuretic peptide) 
who can be carefully monitored for changes in serum potassium and renal function, 
treatment with a mineralocorticoid antagonist(49). Some small randomized trials have 
shown that exercise training can improve the function and quality of life of patients with 
HFpEF without any significant effect on cardiac function(50, 51). Several studies have 
shown that exercise training is the only intervention that can improve HFpEF exercise 
capacity and quality of life(50, 51). Care should be taken with the use of diuretics or 
intravenous dilators. If these drugs are applied to an HFpEF patient with a small and 
stiff LV, it can lead to insufficient left ventricular filling, decreased CO, and low blood 
pressure(52).  
Evidence of efficacy of beta-blocker therapy in patients with HFpEF is lacking. An 
individual patient-level meta-analysis of 11 randomized controlled trials of beta-blockers 
in patients with HF found no evidence of benefit in the small subgroup of patients in 
sinus rhythm with LVEF ≥50 percent(53, 54). Beta-blockers for HFpEF are only 
recommended in the presence of an alternative indication, such as angina(53, 54). The 
use of organic nitrates to treat HFpEF is not recommended. Evidence of efficacy is 
lacking and a randomized trial found that use of isosorbide mononitrate tended to 
reduce daily activity levels in patients with HFpEF(55). The results of two clinical trials 
showed that phosphodiesterase-5 inhibitors did not have any benefit compared with 
placebo(56, 57). Clinical trial data indicate that digoxin does not affect mortality or 
hospitalization. Therefore, digoxin is not recommended to treat patients with HFpEF, 
except for atrial fibrillation with poorly controlled ventricular rate(58).  
The incidence of HFpEF patients is almost identical to that of patients with HFrEF. Both 
HFpEF and HFrEF have high mortality rates. The prognosis of patients with HFpEF is 
less clear than that of patients with HFrEF. Population-based data from hospitalized 




meta-analysis, including community-based research and trials, showed that HFpEF had 
a lower mortality rate than HFrEF(59).  
1.5. Models of HFpEF 
If the development of HFpEF can be simulated on animal models, it will significantly 
accelerate the research progress on this disease. The latest study by Valero-Muñoz 
proposes the "perfect" screening criteria for HFpEF animal models (Figure 4)(60). The 
most challenging problem to be solved in the HFpEF phenotype is diastolic dysfunction. 
This phenotype is the most crucial part of the animal model. However, other changes 
related to the human HFpEF phenotype including peripheral functional impairments, 
such as lung physiology changes, cardiac morphological changes, and exercise 
intolerance. Should also be taken into account in the HFpEF model. The following 
subparagraphs give an overview of animal models described as HFpEF models. 
 
Figure 4. Flowchart Identifying Major Features to Fulfill When Modeling an “ideal” HFpEF animal 





1.5.1. Aging HFpEF models 
According to the Framingham Heart Study and the Baltimore Longitudinal Study, even 
in the absence of clinical hypertension, the prevalence of LV hypertrophy increases with 
age. This study predicts that the elderly are prone to diastolic dysfunction, and this does 
not cause a decrease in LVEF, even the LVEF is preserved at resting state(61). 
Mechanisms associated with age-related changes in myocardial structure and function 
include cardiomyocyte enlargement, decreased number of cardiomyocytes, 
compensatory cardiac remodeling, and changes in the number and function of 
extracellular matrix components and cardiac fibroblasts(62). Mice and rats are 
commonly used to study aging and age-related diseases(63). The Fischer 344 (F344) 
aging rat and spontaneous senescence prone mouse could example the 
pathophysiology of aging in several organs, including the heart(64). However, so far, no 
occurrence of HFpEF has been reported in such model animals(60).  
1.5.2. Hypertension-induced HFpEF models 
An increase in blood pressure will accelerate heart remodeling. More importantly, the 
continued development of hypertension leads to endothelial dysfunction, reduced 
coronary reserve blood flow, and reduced capillary density. All these unfavorable factors 
will make oxygen transport limited in the body, aggravating the condition. Also, high 
blood pressure can cause arterial stiffness, which will cause excessive load on the heart, 
further exacerbating the situation. The outcome of these changes is the impaired 
contraction and diastolic function, and reduced quality of life(65). According to 
epidemiological studies, HF registration information and large controlled trials, the 
prevalence of systemic hypertension in patients with HFpEF is 60% to 89%(39). 
Hypertension is a significant risk factor for cardiovascular events. A recent Systolic 
Blood Pressure Intervention Trial (SPRINT) has shown that lowering blood pressure to 
a lower target (compare systolic blood pressure <120 mmHg with <140 mmHg) reduces 
the risk of hospitalization for cardiovascular disease, death, and HF(66). However, 
active “blood pressure management” does not affect the incidence or prevalence of 
HFpEF(67). Besides, no studies have shown that patients with HFpEF can improve their 
prognosis by lowering blood pressure(68). 
Aldosterone-infused and unilateral nephrectomized mouse. This model was 




aldosterone and 1% sodium chloride (NaCl) can increase blood pressure, cardiac 
hypertrophy, and myocardial fibrosis in animal models. The model mimics the clinical 
HFpEF phenotype and also has clinically described molecular variation (69).  
Angiotensin II–infused mouse. Administration of angiotensin II (Ang II) (1 to 8 weeks) 
in mice results in cardiac remodeling. However, there are still some debates. Some 
scholars have pointed out that cardiac remodeling under Ang II infusion is pressure-
dependent(70-72), and some studies have the opposite conclusion(73). At present, 
there are still many different opinions on the dose of Ang II administered to animals. 
Previous studies have shown that the use of different doses may lead to a phenotype in 
animal models that is more prone to diastolic dysfunction(74) or systolic dysfunction(73)  
or a decrease in LVEF(75). Moreover, different strains have a great influence on the 
phenotype of animal models. For example, C57BL/6J mice are more prone to 
compensatory concentric hypertrophy and fibrosis, while Balb/c mice are more prone to 
LV dilatation(76). It seems that this animal model is an ideal HFpEF simulation, but 
optimization of the dose and the strain is still a challenge and needs further investigation 
(60). 
Dahl salt-sensitive rat. Dahl salt-sensitive rats are highly sensitive to salt. When fed 
continuously on a high-salt diet at 6 weeks to 8 weeks of age, the blood pressure of 
such rats rises sharply, and progressive right ventricular hypertrophy occurs, 
precipitating HFpEF at approximately 14 to 19 weeks(77). The establishment of this 
model also has many drawbacks. If the high-salt diet is continued, the phenotype of 
such rats may be changed from HFpEF to HFrEF. Furthermore, the blood pressure of 
such animal models is often higher than 175 mmHg, which is inconsistent with the 
human phenotype(78).  
Deoxycorticosterone acetate (DOCA)–salt rat and mouse. In this model, the 
unilateral kidney is excised at 6-10 weeks old, and 1% NaCl drinking water is 
administered 1 week later and treated with intraperitoneal or subcutaneous granule 
implantation for 4 weeks(79). This model was first mentioned in 1969(80).  This model 
has great drawbacks, although it can well exhibit diastolic dysfunction, when HF and 
pulmonary congestion usually do not occur(81). 
Spontaneously hypertensive rat (SHR). The phenotype of this inbred line is highly 




hypertension(82). This model can reproduce some of the HFpEF phenotypes in older 
humans. However, it must be emphasized that it takes more than two years and is 
expensive(64).  
Thoracic aortic constriction-induced pressure overload in mouse. In 1991, the use 
of aortic coarctation to induce LV chronic pressure overload was first mentioned. In the 
following years, this method was gradually improved and was widely used in cardiac 
hypertrophy research (83). Usually, signs of HF (LV concentric hypertrophy, diastolic 
dysfunction, and pulmonary congestion) occur after 2 to 3 weeks of surgery. But it 
progresses soon to HFrEF, a form of progression that is not typical in humans. 
Moreover, the time point at which HFpEF occurs is not easily to find (78).  
1.5.3. Metabolic phenotype: Obesity and diabetes models 
Several studies have shown that overweight or obesity is a significant risk factor for 
HFpEF(84). One study reported that bariatric surgery could improve diastolic 
dysfunction, probably because weight loss reduces cardiac hypertrophy and LV filling 
pressure(85). However, this treatment strategy does not have a definite conclusion, 
whether it can bring any benefits to the HFpEF population remains to be studied(86). 
Diabetes is common in the HFpEF population, and its presence is associated with poor 
prognosis of HF(87). The earliest symptoms of HFpEF include changes in skeletal 
muscle dysfunction and capillary density, all caused by long-term hyperglycemia or 
hyperinsulinemia(88).  
To date, five models have been associated with obesity and diabetes, namely db/db 
mice, ob/ob mice, streptozotocin-induced diabetic rodents, Zucker diabetic fatty (ZDF) 
and Zucker fatty/spontaneously hypertensive heart failure F1 hybrid (ZSF1) rats (60). 
Obesity and diabetes-induced animal model studies are well established, but at present, 
such animal models are still "imperfect" compared to the human HFpEF phenotype. The 
most accepted metabolic HFpEF model are the metabolic ZSF1 rats, which develop 
HFpEF during a 20-week time span and are characterized by cardiomyocyte 
hypertrophy and titin hypophosphorylation in the absence of cardiac hypertrophy(89). 
1.5.4. Nitrosative stress mouse model 
A new mouse model reveals that nitrosative stress is a new driving force for HFpEF. 
Schiattarella and colleagues(90) hypothesized a two-hit model involving cardiac 




diabetes that usually coexist in HFpEF patients. According to their protocol, mice were 
exposed to one of four regimens: a high-fat diet, drinking water containing Nω-nitro-L-
arginine methyl ester (L-NAME; an inhibitor of constitutive nitric oxide synthases), a 
combination of both (the two-hit model) or a standard chow diet. As a result, the two-hit 
model showed the most similar phenotype to human HFpEF, including cardiac 
hypertrophy, pulmonary congestion, exercise intolerance, and deterioration of diastolic 
function. This new mouse model involves mechanical stress (caused by hypertension) 
and metabolic stress (caused by diabetes and obesity) of HFpEF, recapitulating some 
of the HFpEF characteristics in humans. 
1.5.5. Atrial fibrillation models 
Atrial fibrillation is common in the clinic and is one of the most common arrhythmias. Its 
presence indicates an increased risk of HF and stroke. Epidemiological studies have 
also shown that AF is closely related to the occurrence of HFpEF(91). In an early study 
of dogs, researchers found that cardiac dysfunction caused by atrial pacing induced 
dilated cardiomyopathy and HFrEF in the absence of an increase in collagen(92). In the 
early days, no researchers believed that a mouse model of atrial fibrillation could be 
made because the heart quality of the mice was too small. But now the emergence of 
transgenic atrial fibrillation mice has broken this deadlock(93). Unfortunately, no signs of 
HFpEF have been found in animals with atrial fibrillation so far(60).  
1.5.6. Pulmonary hypertension models 
As long as a particular disease increases the LV filling pressure, it will inevitably lead to 
the occurrence of pulmonary hypertension(94). A small percentage of patients with 
HFpEF will continue to develop pulmonary hypertension(95). The severity of pulmonary 
hypertension in animal models is quite different from the human phenotype. The model 
may only reflect the lighter form of human pulmonary hypertension, which is often more 
severe in the human body. Therefore, based on current knowledge, we can conclude 
that the animal model of pulmonary hypertension does not fully represent clinical 
observation(96).  
1.6. Angiotensin II-induced mouse models evaluation 
It has been reported in many studies that the administration of Ang II in mice can lead to 
cardiac hypertrophy and remodeling. However, reported changes of blood pressure in 




depends on the dose of Ang II used(60). The use of different doses of Ang II also leads 
to different cardiac remodeling results. 
Murdoch et al. reported that when Ang II was administered to male transgenic (TG) and 
wild-type mice at a dose of 1.1 mg/kg/day, Ang II induced endothelial nicotinamide 
adenine dinucleotide phosphate oxidase-2 activation had profound profibrotic effects on 
the heart, leading to a diastolic dysfunction phenotype(70). Mori et al. used an Ang II 
dose of 1.5 mg/kg/day for 9-week-old male C57/BL6 wild-type mice, and found that Ang 
II-induced hypertrophy and diastolic dysfunction was associated with decreased glucose 
oxidation and revealed that targeting these pathways could provide new treatments for 
HFpEF(97). Regan et al., they administrated eight-week-old outbred male CD1 mice 
Ang II dose of 0.2 mg/kg/day and found that their animal model replicated the HFpEF 
features of impaired LV relaxation and increased LV elastance in the absence of 
pressure overload, LV systolic dysfunction, LV dilatation or hypertrophy, and metabolic 
abnormalities(73). 
1.7. Objective 
Ang II infusion appears to lead to a relevant HFpEF model if the dose is optimized. 
Three kinds of dose regimes in the studies from Murdoch et al. (70), Mori et al. (97), and 
Regan et al. (73) seem to be a good catalyzer for mimicking some characteristics of 
HFpEF. According to the hemodynamic data provided by their research (Table 1), some 
parameters were inconsistent or still disputed, especially dP/dtmax, dP/dtmin, and τ, which 
are key indicators for evaluating the systolic (98, 99) and diastolic function(99-101). In 
these studies, researchers did not use the same mouse background, and there was no 
uniform external factor in the experiments they conducted, which potentially can be the 
reason why some hemodynamic parameters were different. From their respective 
studies, it is not possible to deduce which dose can better reflect the HFpEF phenotype. 
Therefore, the aim of this study was to compare those 3 Ang II regimes in parallel in the 
same mouse background: C57BL/6 mice to investigate the influence of the different 
doses of Ang II on the disputed hemodynamic parameters (dP/dtmax, dP/dtmin, and τ,) 







Table 1. Changes in hemodynamic parameters in three studies (70, 73, 97). 
Variable 
Murdoch et al.  J Am 
Coll Cardiol. 2014 
Mori et al. Circ Heart 
Fail. 2012 
Regan et al. Am J 
Physiol Heart Circ 
Physiol. 2015 
1.1mg/kg 14d Ang II 
vs. control (WT mice) 
1.5mg/kg 14d Ang II vs. 
control (C57/BL6 mice) 
0.2mg/kg 28d Ang II 
vs. control (CD1 mice) 
HR ━ NA NA 
EF ━ ━ ━ 
dP/dtmax ━ ↓ NA 
dP/dtmin ━ NA NA 
τ ━ NA ↑ 
CO ━ NA NA 
SV ↑ NA NA 
SW ━ NA NA 
E/A NA ↓ ━ 
E/E' NA ↑ ━ 
IVSD ↑ NA NA 
LVEDD ↑ NA ━ 
LVEDP ━ ↑ ↑ 
LVPWT NA ↑ NA 
LVESD NA NA ━ 
LVESV ━ NA NA 
LVEDV ↑ NA NA 
Ea ━ NA NA 
Ees ↑ NA NA 
EDPVR ━ NA ↑ 
ESPVR NA NA ━ 
TAPSE NA NA ━ 
dP/dtmax/
EDV 
━ NA NA 
MPI NA NA ↑ 
IRT NA NA ↑ 
↑: increased compared to its corresponding control group; ↓: decreased compared to its corresponding 
control group;  ━: no change compared to its corresponding control group; NA: data unavailable; WT: 
wild-type; HR: heart rate; EF: ejection fraction; dP/dtmax: maximum left ventricular pressure rise rate; 
dP/dtmin: maximum left ventricular pressure drop rate; τ: time of the left ventricular pressure decrease; CO: 
cardiac output; SV: stroke volume; SW: stroke work; IVSD: interventricular septal diameter; LVEDD: left 
ventricular end diastolic diameter; LVEDP: end-diastolic left ventricular pressure; LVPWT: left ventricular 
posterior wall thickness; LVESD: left ventricular end-systolic diameter; LVESV: end-systolic left 
ventricular volume; LVEDV: end-diastolic left ventricular volume; Ea: arterial elastance; Ees: end-systolic 
elastance; EDPVR: end-diastolic pressure volume relationship; ESPVR: end-systolic pressure volume 
relationship; TAPSE: tricuspid annular plane systolic excursion; EDV: end-diastolic volume; MPI: 





2. Materials and methods  
2.1. Materials  
Table 2. Consumption materials 
Article Description Company 
96-well-PCR plate  Sarstedt, Nürnbrecht, Germany 
Coverslips 21 x 26 mm R. Langenbrinck, Emmendingen, Germany 
Cryotubes 1.5 ml Carl Roth, Karlsruhe, Germany 
Falcon tubes 15 ml, 50 ml Corning, New York, USA 
Folded filter MN615 1/4·¢240 mm Macherey-Nagel, Düren, Germany 
Gloves  Sempercare, Northamptonshire, UK 
Masks  Charite, Berlin, Germany 
MicroAmp®Optical 
384-well plate 
Reaction plate with 
Barcode 
Thermo Fisher Scientific, Waltham, 
Massachusetts, USA 
Microtome blades A35 type Feather, Köln, Germany 
PCR-tubes 0.2 ml, conical lid Biozym, Hess. Oldendorf, Germany 
Pipette tips 10 μl, 100 μl, 1000 μl Biozym, Hess. Oldendorf, Germany 
Pipettes  Corning, New York, USA 
Plastic cannulas 18G und 20G B.Braun, Melsungen, Germany 
Plunger 2.5 ml syringe TERUMO, Tokyo, Japan 
Reaction Tubes Safe-Lock or RNAse free Sarstedt, Nürnbrecht, Germany 
Scalpels  Feather, Köln, Germany 





Table 3. Laboratory equipment 
Equipment Description/Type Company 
Conductance catheter 1.2 French Scisense Inc., Ontario, Canada 
Cryostat  Microm, Minnesota, USA 
Homogenizer Pellet Pestle Motor Sigma, Taufkirchen, Germany 
Horizontal shaker SM-25 Edmund Bühler, Tübingen, Germany 
Ice maker AF-10 Scotsman, Vernon Hills, USA 
Incubator Function Line Heraeus, Osterode, Germany 
Microscope DM2000 LED Leica, Bensheim, Germany 
pH meter Knick Digital 646 Beyer, Düsseldorf, Germany 
Pipettes  Eppendorf, Wesseling-Berzdorf, Germany 
P-V Amplifier System MPVS 300/400 Millar Instruments, Houston, USA 
Spectrophotometer NanoDrop Thermo Scientific PEQLAB, Erlangen, 
Germany 
Photometer SPECTRA max 340PC384 Molecular Devices, Biberach an der Riß, 
Germany 
Tabletop centrifuge Centrifuge 5415 C Eppendorf, Wesseling-Berzdorf, Germany 
Thermocycler Mastercycler gradient Eppendorf, Wesseling-Berzdorf, Germany 
Thermomixer Comfort Eppendorf, Wesseling-Berzdorf, Germany 
Ventilator Minutes i-Vent Harvard Apparatus, Massachusetts, USA 







Table 4. Chemicals, buffer reagent and kits 
Article Company 
1% ß-mercaptoethanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
3-Amino-9-Ethylcarbazole (AEC) Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Acetic acid VWR International GmbH, Darmstadt, Germany 
Acetone VWR International GmbH, Darmstadt, Germany 
Avidin-Biotin-Blocking(ABC)-Kit Vector Labs, Burlingame, USA 
Bovine serum albumin (BSA) Carl Roth, Karlsruhe, Germany 
Calcium chloride VWR International GmbH, Darmstadt, Germany 
Dianova (secondary antibody) Dianova, Hamburg, Germany 
Di-Sodium hydrogen phosphate dihydrate VWR International GmbH, Darmstadt, Germany 
Distilled water Alleman Pharma GmbH, Rimbach, Germany 
DNAse I Qiagen, Hilden; Germany 
ethylenediaminetetraacetate (EDTA) VWR International GmbH, Darmstadt, Germany 
EnVision K4003 Dako, Hamburg, Germany 
Ethanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Fetal Bovine Serum (FBS) Biochrom, Berlin, Germany 
Formalin Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Hemalum VWR International GmbH, Darmstadt, Germany 
High Capacity cDNA Reverse Transcription Kit Applied Biosystems, Darmstadt, Germany 
Hydrogen peroxide solution Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Isopropanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Kaiser's glycerol gelatin Carl Roth, Karlsruhe, Germany 
Magnesium chloride VWR International GmbH, Darmstadt, Germany 
N, N-dimethylformamide Carl Roth, Karlsruhe, Germany 
Optical 96-well Reaction Plate Applied Biosystems, Darmstadt, Germany 
Optical Adhesive film Applied Biosystems, Darmstadt, Germany 




Potassium dihydrogen phosphate VWR International GmbH, Darmstadt, Germany 
RNase-free water Thermo Fisher Scientific, Waltham, USA 
RNeasy Minutes i Kit Qiagen, Hilden; Germany 
Sodium acetate VWR International GmbH, Darmstadt, Germany 
Sodium chloride VWR International GmbH, Darmstadt, Germany 
Sodium hydrogen phosphate VWR International GmbH, Darmstadt, Germany 
TaqMan®Gene Expression Master Mix (2×) Thermo Fisher Scientific, Waltham, USA 
Tissue Tek Sakura, Zoeterwoude, Netherlands 
Tris-Base Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany 
Tris-HCl VWR International GmbH, Darmstadt, Germany 
TRIzol Reagent Thermo Fisher Scientific, Waltham, USA 
Universal PCR Master Mix Applied Biosystems, Darmstadt, Germany 
Angiotensin II SIGMA-Aldrich,  USA 
 
Table 5. Real-time polymerase chain reaction reagents 
Reagents Company 
Optical 384-well Reaction Plate Applied Biosystems, Darmstadt, Germany 
Optical Adhesive film Applied Biosystems, Darmstadt, Germany 
TaqMan Gene expression Master Mix (2×) Thermo Fisher Scientific, Massachusetts, USA 
Universal PCR Master Mix Applied Biosystems, Darmstadt, Germany 
 
Table 6. Primers for real-time polymerase chain reaction 
Murine primers Ordering number Company, ID 
Acta1 Mm00808218_g1 Applied Biosystems, Darmstadt, Germany 
AT1R Mm01166161_m1 Applied Biosystems, Darmstadt, Germany 
CCL2 Mm99999056_m1 Applied Biosystems, Darmstadt, Germany 
CCL5 Mm01302428_m1 Applied Biosystems, Darmstadt, Germany 
CCL7 Mm00443113_m1 Applied Biosystems, Darmstadt, Germany 




Col3a1 Mm00802331_m1 Applied Biosystems, Darmstadt, Germany 
CX3CL1 Mm00436454_m1 Applied Biosystems, Darmstadt, Germany 
IL-10 Mm00439616_m1 Applied Biosystems, Darmstadt, Germany 
IL-1ß Mm00434228_m1 Applied Biosystems, Darmstadt, Germany 
IL-6 Mm00446190_m1 Applied Biosystems, Darmstadt, Germany 
Myh7b Mm01249945_m1 Applied Biosystems, Darmstadt, Germany 
RAGE Mm01134790_g1 Applied Biosystems, Darmstadt, Germany 
S100A8 Mm00496696_g1 Applied Biosystems, Darmstadt, Germany 
S100A9 Mm00656925_m1 Applied Biosystems, Darmstadt, Germany 
TGF-ß Mm00441724_m1 Applied Biosystems, Darmstadt, Germany 
TLR4 Mm00445273_m1 Applied Biosystems, Darmstadt, Germany 
TNF-α Mm00443258_m1 Applied Biosystems, Darmstadt, Germany 
VEGF Mm01281447_m1 Applied Biosystems, Darmstadt, Germany 
 
Table 7. Antibodies used for immunohistochemistry 
Antibody Company 
Anti-α-SMA Abcam, Cambridge, UK 
Anti-CD4 BD Bioscience, Heidelberg, Germany 
Anti-CD68 Abcam, Cambridge, Germany 
Anti-CD8a BioLegend, Koblenz, Germany 
Anti-Collagen I Merck Millipore, Darmstadt, Germany 











Table  8. Software 
Software Company 
GraphPad Prism 8.0 GraphPad Software, San Diego, USA 
EndNote X9.1 Clarivate Analytics, Philadelphia, USA 
Leica Application Suite version 4.4.0 Leica, wetzlar,Germany 
Microsoft Office 2016 Microsoft, Washington, USA 
Adobe Illustrator 2019 Adobe, San Jose, USA 
IOX software 1.8.9 EMKA Technologies, Falls Church, USA 







2.2.1. Study design   
In this experiment, 5 weeks old male C57BL6/j mice provided by Charles River (Sulzfeld, 
Germany) were used. Mice were randomly divided into the following groups: control 
1.1mg/kg 14d group, Ang II 1.1mg/kg 14d group, control 1.5mg/kg 14d group, Ang II 
1.5mg/kg 14d group, control 0.2mg/kg 28d group, and Ang II 0.2mg/kg 28d. 
After acclimatization, 8 weeks old mice received Ang II (Catalog Number: A9525-10mg, 
SIGMA-Aldrich, United States) or sterile distilled water (control animals) via 
subcutaneous injection (s.c.) at different dose or duration based on the group they were 
in (Table 9 and Figure 5). 
Table 9. Study design. 
Group 







































1.1 mg / kg 
* d-1 water 
s.c. 
1.1 mg / kg 
* d-1 Ang II 
s.c. 
1.5 mg / kg 
* d-1 water 
s.c. 
1.5 mg / kg 
* d-1 Ang II 
s.c. 
0.2 mg / kg 
* d-1 water 
s.c. 
0.2 mg / kg 
* d-1 Ang II 
s.c. 
Duration 14 d 14 d 14 d 14 d 28 d 28 d 





Figure 5. The time line of the study design. s.c., subcutaneous injection; Group 1, 1.1mg/kg 14d group; 
Group 2, 1.5mg/kg 14d group; Group 3, 0.2mg/kg 28d group.  
 
At the end of each experiment, all surviving mice were sacrificed after hemodynamic 
measurements. LVs were collected and quickly frozen in liquid nitrogen and stored at -
80°C for later molecular and immunohistochemical examinations. All investigations were 
performed in accordance with the European legislation of the Care and Use of 
Laboratory Animals and were approved by Landesamt für Gesundheit und Soziales 
Berlin (LAGeSo, Berlin, Germany; Registration code: G 0271/16).  
2.2.2. Establishment of Angiotensin II-induced heart failure 
2.2.2.1. Mouse strains and animal care 
In this present study, C57BL6/j mice were housed in the Forschungseinrichtungen für 
Experimentelle Medizin (FEM, Berlin) of Charité-Universitätsklinikum Berlin with a 12-
hour light/dark cycle at 19-21°C, 50-70% humidity and free access to food and water. 
2.2.2.2. Angiotensin II preparation 
Ang II was provided by SIGMA-Aldrich (catalog number: A9525; pack size: 10mg), as a 
powder and stored at −20°C. It was formulated with sterile distilled water into three 
solutions with different concentrations for our subsequent experiments: Solution A (110 
µg / ml ), Solution B (150 µg / ml ), and Solution C (20 µg / ml ). Then, all solutions were 




2.2.2.3. Angiotensin II injection 
Mice in group 1 received 10µl / g Solution A for fourteen consecutive days. Mice in 
group 2 received 10µl / g Solution B for fourteen consecutive days. Mice in group 3 
received 10µl / g Solution C for twenty-eight consecutive days. Corresponding control 
mice received sterile distilled water. 
2.2.3. Catheter-based hemodynamic measurements 
At the day of sacrifice, pressure-volume conductance catheter measurements were 
performed under general anesthesia through an apical stab. The main procedure steps 
are shown in Figure 6. A combination of buprenorphine and urethane was used for 
anesthesia by i.p. injection at a dose of 0.05mg/kg and 0.8-1.2g/kg, respectively. 
Anesthesia depth was checked by pain stimulus. For intubation, a 22G cannula was 
used, which was connected to the ventilator (Min-Vent, Harvard Apparatus, 








The pressure-volume data of the LV were recorded in real-time with a conductance 
catheter, by which it is possible to determine both volume-dependent and volume-
independent parameters that describe the heart function(102). In this procedure, a 1.2  
French catheter (Scisense Inc., Ontario, Canada) was placed into the LV, which was 
connected to a pressure-volume-amplifier system (MPVS 300/400, Millar Instruments, 
Houston, USA)(103). Data were collected using the software program "IOX", 1.8.9 
(EMKA Technologies, Falls Church, USA) and then analyzed using the program 
"CircLab 2004". PV loops were recorded, followed by volume calibration with hypertonic 
saline (10%) injection. All data were acquired without ventilation for 5 seconds to avoid 
lung motion artifacts. The mean value of three continuous measurements of 
hemodynamic parameters was used in final statistical analysis. Common hemodynamic 
parameters assessed in PV measurement are listed in Table 10. 
 
Table 10. Hemodynamic parameters  




 HR, bpm heart rate 
 EF, % 
ejection fraction, the fraction of blood volume pumped out of the LV in each 
cardiac cycle 




maximum left ventricular pressure rise rate 




maximum left ventricular pressure drop rate 
 τ, ms time of the left ventricular pressure decrease 
 
2.2.4. Tissue collection 
After finishing hemodynamic measurements, mice were sacrificed and the LVs were 
removed and quickly frozen in liquid nitrogen and stored at -80°C for later molecular 






LV tissue samples were transferred from the -80°C freezer to a -20 °C freezer and 
stored overnight before cryosection. LV samples were embedded in snap frozen Tissue-
Tek (Sakura, Zoeterwoude, Netherlands). Next, the tissue block was fixed and trimmed 
on the specimen head in the Cryostat (Thermo Fisher Scientific, Waltham, USA). The 
thickness of the cryosections was 5 μm. Six cryo-slices from different transverse of 
tissue sample were laid on each slide. Subsequently, the sections were immersed in 
ice-cold acetone for 10 min. After drying, the slides were immediately used for staining 
or stored at -20 °C. 
 
 
2.2.5.2. Immunohistochemical staining 
Based on antigen-antibody reactions, immunohistochemical stainings allow to detect 
histological antigens on sections. The antigen-specific antibody is bound to a secondary 
antibody with a coupled enzyme. Further, the distribution and localization of biomarkers 
or differentially expressed proteins in different parts of tissue is subsequently visualized 
by an appropriate substrate. In this study, the Avidin-biotin complex (ABC) staining and 
the EnVision staining methods were used. The details of the antibodies used in this 
study is shown in Table 11. 
Table 11. Antibodies for immunohistochemistry 
   
Primary antibody Species Dilution Secondary antibody Species Dilution Method 
α-SMA Rabbit 1:200 EnVision Dako Anti-Rabbit undiluted EnVision 
Collagen I  Rabbit 1:250 EnVision Dako Anti-Rabbit undiluted EnVision 
CD4 Rat 1:50 Biotinylated Goat anti-rat Anti-Rat 1:250 ABC 
CD68 Rat 1:600 Biotinylated Goat anti-rat Anti-Rat 1:250 ABC 
CD8a Rat 1:50 Biotinylated Goat anti-rat Anti-Rat 1:250 ABC 
Ly6g Rat 1:200 Biotinylated Goat anti-rat Anti-Rat 1:250 ABC 





2.2.5.2.1. EnVision method 
EnVision staining is a two-step staining in which the application of the primary antibody 
is followed by a polymeric conjugate consisting of a large number of secondary 
antibodies bound directly to a dextran backbone containing horseradish peroxidase. 
One such conjugate contains up to 100 horseradish peroxidase molecules and up to 15 
antibodies. Therefore, it is suitable for a variety of antibodies. In this study, the EnVision 
method was used to investigate collagen I and alpha-smooth muscle actin (α-SMA) 
expression on the LV sections. 
The detailed steps are as follows:  
1). Take out the slides from -20℃. 
2). Mark the slides, immerse them in 1x phosphate-buffered saline (PBS) on the shaker 
for 5 minutes to adapt the slices to the buffer milieu.  
3). Transfer the slides to the fresh 0.075% hydrogen peroxide PBS solution. Incubate 
them in a lid-covered cuvette for 7 min on the shaker to block endogenous peroxidase.  
4). Wash the slices with 1xPBS on a shaker for 5 minutes. 
5). Add 75 ul of the primary antibody with 10% FSC and 1xPBS solution to each 
staining area. Then, incubate them for 1 hour in the humidifier chamber in order to bind 
the antibody to the target protein.  
6). Wash the slices with 1xPBS twice on a shaker, each for 5 minutes. 
7). Add 75 ul of the second antibody to each staining area. Then, incubate them for 30 
minutes in the humidifier chamber, in order to bind the second antibody to the first 
antibody.  
8). Wash the slices with 1xPBS twice on a shaker, each for 5 minutes. 
9). Dip them into 200 ml fresh carbazol solution including 50 mg 3-Amino-9-
Ethylcarbazole (AEC), 10 mL dimethylformamide, 100 ul H2O2, 35 mL 0.2 mol sodium 
acetate solution, 15 mL 0.2 mol acetic acid solution, and distilled water. Incubate for 12 
minutes in the dark, in order to make the second antibody visible.  
10). Wash the slices with 1xPBS twice on a shaker, each for 5 minutes. 




12). Snap transfer them to tap water and rinse until the watercolor is clear.  
13). Move them to hot tap water of circa 50-60°C and incubate for 10 minutes on a 
shaker.  
14). Mount the slides using Kaiser Glycerol gelatin for storage. 
2.2.5.2.2. Avidin-biotin complex method  
ABC staining is called the immunoperoxidase method, which is based on the binding of 
an antibody to a suitable target antigen. The extraordinary affinity of avidin for biotin 
allows specific binding between biotin-containing molecules and avidin in complex 
mixtures. This combination of biochemistry has stable, almost irreversible properties. In 
this present study, the ABC method was used to determine the presence of 
inflammatory cells maintained by cluster of differentiation (CD) 4, CD68, CD8a, and 
lymphocyte antigen 6 complex locus G6D (Ly6g). 
1). Take out the slides from -20℃. 
2). Mark the slides, immerse them in the 1x tris-buffered saline (TBS) on the shaker for 
5 minutes, adapting slices to the buffer milieu.  
3). Transfer the slides to the fresh 0.075% hydrogen peroxide TBS solution. Incubate 
them in a lid-covered cuvette for 7 min on the shaker to block endogenous peroxidase.  
4). Wash the slices with 1xTBS on a shaker for 5 minutes. 
5). Add 75 ul of the serum solution with 10% goat serum, 1% bovine serum albumin 
(BSA), 1xTBS, and avidin to each staining area. Then, incubate them for 30 minutes in 
the humidifier chamber, in order to avoid electrostatic interaction and unspecific binding, 
and block endogenous biotin. 
6). Add 75 ul of the primary antibody with 1% BSA,1xTBS, and biotin to each staining 
area. Then, incubate them for 60 minutes in the humidifier chamber, in order to make 
the first antibody and the target protein to bind, and to block the endogen avidin, 
avoiding unspecific bindings. 
7). Wash the slices with 1xTBS twice on a shaker, each for 5 minutes. 
8). Add 75 ul of the second antibody with 1% BSA and 1xTBS to each staining area. 
Then incubate them for 60 minutes in the humidifier chamber, in order to bind the 




9). Wash the slices with 1xTBS twice on a shaker, each for 5 minutes. 
10). Wash the slices with 1xTBS and 0.01% Tween 20 on a shaker for 5 minutes to 
reduce the hydrophobic surface of the slides. 
11). Add 75 ul of the ABC Complex solution to each staining area. Then, incubate them 
for 30 minutes in the humidifier chamber, in order to make the HRP-labelled avidin and 
the biotinylated second antibody to bind. 
12). Wash the slices with 1xTBS twice on a shaker, each for 5 minutes. 
13). Dip them into 200 ml fresh carbazol solution including 50 mg AEC, 10 mL 
dimethylformamide, 100 ul H2O2, 35 mL 0.2 mol sodium acetate solution, 15 mL 0.2 
mol acetic acid solution, and distilled water. Incubate for 12 minutes in the dark, in order 
to make the second antibody visible.  
14). Wash the slices with 1xTBS twice on a shaker, each for 5 minutes. 
15). Stain them with hematoxylin for 30 seconds.  
16). Snap transfer them to tap water rinsing until the watercolor is clear.  
17). Move them to hot tap water of circa 50-60°C and incubate for 10 minutes on a 
shaker.  
18). Mount the slides using Kaiser Glycerol gelatin for storage. 
2.2.5.3. Digital image analysis 
All tissue sections were analyzed with the color-coded digital image analysis technique 
through light microscopy (Leica DM2000 LED). Twenty view fields from each specimen 
were evaluated at a 100x magnification and digitized by a video camera. With this 
evaluation method, the selected fields in light microscope can be independently and 
accurately evaluated. The digital image processing was performed with the digital 
software (Leica Application Suite version 4.4.0) for which a self-programmed macro, 
one for areal and one for cell calculation has been developed. All microscopic images 
obtained for detecting the stained antigens were measured with a 100-fold microscope 
magnification. Quantification of collagen I is represented as positive area percentage 
per heart area (mm2). To depict arterioles and arteries, an α-SMA staining was 




power field (hpf). The infiltration of immune cells (CD4, CD68, CD8a, and Ly6g) is 
expressed in the form of positive cells/mm2. 
2.2.6. Gene expression analysis  
2.2.6.1. RNA extraction 
The TRIzol™ reagent (Invitrogen, Heidelberg, Germany) was used to isolate ribonucleic 
acid (RNA) from the LV. Frozen tissue samples in a FACS tube containing 1 ml 
TRIzol™ reagent were homogenized for 30 seconds, shaken for 15 seconds after 
adding 200 μl chloroform, and then incubated at RT for 2 minutes. Then, they were 
centrifuged at an accelerated speed of 10,000 rpm for 15 minutes at 4 °C and a 
colorless upper phase, containing the RNA, was collected. For RNA precipitation, 500µl 
of 100% isopropanol was added, incubated at RT for 15 minutes, and centrifuged at 
10,000 rpm at 4 °C for 10 minutes. The supernatant was removed and 500 µl ethanol 
(70%) was added and vortexed, followed by centrifugation for 10 minutes  at 4 °C and 
at an acceleration of 7,500 rpm. The remaining RNA pellets were dissolved in 100 μl 
RNase-free water and purified with the NucleoSpin® RNA mini kit (Macherey-Nagel 
GmbH, Düren, Germany). Samples were supplemented with 300 µl RA1 buffer and 300 
µl ethanol (96%) and centrifuged at 12,000 rpm for 30 seconds followed by adding 350 
µl membrane desalting buffer and a repeated centrifugation at 12,000 rpm for 1 minute. 
Next, 10 µl reconstituted rDNase was mixed with 90 µl reaction buffer and samples 
were incubated with this mixture at RT for 15 minutes. Membranes were washed 3 
times with 200 µl RA2, 600 µl RA3, and 250 µl RA3, respectively, and then centrifuged 
for 2 minutes. Finally, 50 µl RNase-free water was used to elute the RNA and 
centrifuged for 1 minute. The spectrophotometer (NanoDrop 1000, Thermo Scientific, 
Erlangen, Germany) was used to examine the concentration of RNA with absorbance at 
260 nm. 
2.2.6.2. Reverse Transcription 
Reverse transcription from isolated RNA to complementary DNA (cDNA) was performed 
by the high Capacity cDNA Reverse Transcription Kit from Applied Biosystems 
(Darmstadt, Germany). 1 μg RNA was completed to a total volume of 11 μl with RNase-
free water. Random primers and template RNA were heated for 5 minutes  at 70 °C in a 
thermocycler. Meanwhile, a master-mix was prepared by mixing the following 




transcriptase. The reaction tubes were directly put on ice and  6.2 μl of the master-mix 
was added. Then, the reverse transcription was performed in a thermocycler according 
to the following program: 10 minutes at 25 °C, 2 hours at 37 °C, followed by additionally 
5 minutes at 85 °C and cool down to 4 °C. Finally, 30 μl RNase-free water was added to 
each sample to a final volume of 50 µl. 
2.2.6.3. Real-time polymerase chain reaction 
Real-time polymerase chain reaction (PCR) was performed by using a mixture of 5 µl 
PCR master-mix, 0.5 µl gene reporter assay, and 3.5 µl water.  
The reporter assays obtained (Life Technologies GmbH, Darmstadt, Germany) included 
forward and reverse primers as well as the fluorescently 5’ FAM-labelled probe, with  a 
3’ non-fluorescent Quencher NFQ-MGB. All reporter assays used are listed in Table 5. 
The 7900HT real-time system (Applied Biosystems, Darmstadt, Germany) was used to 
amplify the sample according to the following steps. First, prevention of carry-over 
contamination by addition of Uracil N-Glycosylase for 2 minutes at 50°C. Second, 
denaturation and activation of the amplification-Taq deoxyribonucleic acid (DNA) 
polymerase for a period of 10 minutes at a temperature of 95°C, and second 
denaturation for 15 seconds at a temperature of 95°C. Third, annealing and elongation 
over 1 minute at a temperature of 60°C. Depending on the target gene, second 
denaturation, annealing and elongation were repeated 40 or 45 times. Analysis of the 
collected data was performed using the SDS program 2.2.2 (Applied Biosystems, 
Darmstadt, Germany). 
2.2.6.4. Housekeeping gene 
Housekeeping genes are typically constitutive genes required to maintain essential cell 
functions and are expressed in all cells of the organism under normal and 
pathophysiological conditions(104). In this experiment, glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was chosen as the housekeeping gene and used for 
normalization of the target gene. The Ct-value of GAPDH of each group can be found in 
Figure 7, showing no significant differences in Ct-values among the groups. Data were 
further normalized against GAPDH, which served as an endogenous control using the 
2^-ΔΔCt formula. To evaluate the n-fold change, message RNA (mRNA) levels in other 






Figure 7. Ct value of housekeeping gene GAPDH of each group. Bar graphs represent the 
mean±SEM of Ct value, with n=8 in control 1.1 mg/kg 14d, n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 
1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. 
A nonparametric Mann–Whitney U test or a Welch's t test was performed for data comparison between 
each respective control vs. Ang II group. GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Ct: cycle 
threshold; Ang II: Angiotensin II; d: day; SEM: standard error of the mean; vs.: versus. 
 
2.3. Statistical analysis  
Statistical analysis of the experiment was performed using GraphPad Prism 8.0 
software (GraphPad Software, San Diego, USA). Data are expressed as mean ± 
standard error of the mean (SEM). A nonparametric Mann–Whitney U test or a Welch's 
t test was performed for data comparison between each respective control vs. Ang II 






3.1. Hemodynamic parameters 
In global cardiac function, we found that the HR remained unchanged between all Ang II 
mice and their respective controls, and that the EF was higher than 70% in all six 
groups of mice (Figure 8A and Figure 8B). 
Related to LV systolic function, Ang II 1.1mg/kg 14d mice had a lower maximum LV 
pressure rise rate (dP/dtmax) than control 1.1mg/kg 14d mice (19.8% drop, p<0.05). 
dP/dtmax was not higher in Ang II 1.5mg/kg 14d and Ang II 0.2mg/kg 28d mice compared 
to their respective corresponding control groups (Figure 8C). 
With respect to LV diastolic function, Ang II 1.1mg/kg 14d mice displayed a 20.6% 
(p<0.01) reduced maximum LV pressure drop rate (dP/dtmin) compared with control 
1.1mg/kg 14d mice and a 5.4% higher Tau, the latter without reaching significance 
(Figure 8D and Figure 8E). 
Figure 8. Impact of different doses or durations of Ang II on cardiac function in mice. All data are 
reported as the mean±SEM with n=8 in control 1.1 mg/kg 14d, n=12 in Ang II 1.1 mg/kg 14d, n=9 in 
control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 mg/kg 28d, n=12 in Ang II 0.2 
mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was performed for data comparison 
between each respective control vs. Ang II group. Ang II: Angiotensin II; d: day; SEM: standard error of 
the mean; HR: heart rate; bpm: beats per minute; EF: ejection fraction; dP/dtmax: maximum left ventricular 
pressure rise rate; dP/dtmin: maximum left ventricular pressure drop rate; Tau: time of the left ventricular 




3.2. Left ventricular fibrosis 
3.2.1. Gene expression 
In the comparison of LV Col1a1 mRNA expression, all Ang II mice had a weaker 
expression than the controls, but only the change in Ang II 1.1mg/kg 14d mice showed 
significant with 1.13-fold less than that of Control mice (P=0.0314) (Figure 9A). In the 
collagen type III alpha 1 chain (Col3a1) comparison, all Ang II mice displayed a slightly 
higher expression than the controls, but with no significance (Figure 9B). 
The fibrosis-related factor, transforming growth factor beta (TGF-β), which induces 
fibroblast activation and differentiation of fibroblasts into myofibroblasts(105) was 
slightly higher expressed in Ang II 1.1mg/kg 14d mice versus controls, without reaching 
significance. A decreased expression of LV TGF-β was found in the rest of the 
examined Ang II groups versus their respective controls, but only  showed significance 
in Ang II 1.5mg/kg 14d versus control 1.5mg/kg 14d mice(p<0.001) (Figure 9C). 
 
Figure 9. Impact of different doses or durations of Ang II on fibrosis-related mRNA of left 
ventricular in mice. The three different control and respective Ang II groups are separated with black 
dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in control 1.1 mg/kg 14d, 
n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 
0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test 
was performed for data comparison between each respective control vs. Ang II group. Col1a1: collagen 
type I alpha 1 chain; Col3a1: collagen type III alpha 1 chain; TGF-β: Transforming growth factor beta; 
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Ang II: Angiotensin II; d: day; SEM: standard error 
of the mean; vs.: versus. For the whole graph panel with *p<0.05, ***p<0.001. 
 
3.2.2. Immunohistological evidence 
Following the evaluation of markers of cardiac fibrosis via gene expression analysis, we 
next analyzed LV protein collagen I expression via immunohistochemistry. The mean 




6.7%, 5.8%, 6.8%, 6.2%, and 7.2% in the control 1.1mg/kg 14d, Ang II 1.1mg/kg 14d, 
control 1.5mg/kg 14d, control 1.5mg/kg 14d, control 0.2mg/kg 28d and Ang II 0.2mg/kg 
28d groups, respectively (Figure 10).  
All Ang II mice showed a stronger collagen I protein expression than their respective 
corresponding control mice, but only Ang II 1.1mg/kg 14d mice gained a significant 
difference (1.8-fold raise, p<0.01). 
 
Figure 10. Impact of different doses or durations of Ang II on LV Col1 protein presence in mice. 
Representative Col1-stained LV sections (magnification ×100) of control (A, upper half) and respective 
Ang II groups (A, lower half) of 1.1 mg/kg 14d (B, left), 1.5 mg/kg 14d (B, middle), and 0.2 mg/kg 28d 
(B, right) groups. The three different control and Ang II groups are separated with black dotted lines. 
Bar graphs represent the mean±SEM of Col1 positive area (%) per mm2 HA with n=8 in control 1.1 mg/kg 
14d, n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in 
control 0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's 
t test was performed for data comparison between each respective control vs. Ang II group. Col1: 
Collagen 1; Ang II: Angiotensin II; LV: left ventricular; d: day; SEM: standard error of the mean; HA: heart 





3.3. Left ventricular vascular density 
α-SMA is often used as a marker to identify arteries and arterioles(106). Data show that 
arterioles were 1.1-fold (p<0.05) and 1.1-fold (p<0.005) higher in Ang II 1.1mg/kg 14d 
Ang II and 1.5mg/kg 14d mice compared to their respective controls, (Figure 11A). In 
parallel, arteries were 1.2-fold (p<0.005) and 1.2-fold (p<0.005) higher in those Ang II 
groups versus their respective controls (Figure 11B). In contrast, LV VEGF mRNA 
expression was lower in the first two Ang II groups compared to their controls, reaching 
only significance (p<0.005) in Ang II 1.5mg/kg 14d versus control 1.5mg/kg 14d mice 
(Figure 11C). 
 
Figure 11. Impact of different doses or durations of Ang II on vascular density and VEGF mRNA 
expression in mice. The three different control and respective Ang II groups are separated with black 
dotted lines (A, B and C). Representative α-SMA-stained LV sections (magnification ×100) of control (D, 
upper half) and Ang II groups (D, lower half) of 1.1 mg/kg 14d (D, left), 1.5 mg/kg 14d (D, middle), and 
0.2 mg/kg 28d (D, right) groups. Bar graphs represent the mean±SEM of expression, with n=8 in control 




n=8 in control 0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a 
Welch's t test was performed for data comparison between each respective control vs. Ang II group. Red 
and green circles indicate arteries and arterioles, respectively.α-SMA: Alpha-smooth muscle actin; VEGF: 
Vascular endothelial growth factor; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Ang II: 
Angiotensin II; d: day; hpf: high power field; SEM: standard error of the mean; vs.: versus.  For the whole 
graph panel with *p<0.05, **p<0.01. 
 
 
3.4. Left ventricular hypertrophy 
Since Ang II is an important inducer of LV hypertrophy (107), we next evaluated LV 
mRNA expression of the hypertrophy-related genes myosin heavy chain 7B (Myh7b) 
and actin alpha 1, skeletal muscle (Acta1). LV Myh7b mRNA expression was not 
different among the Ang II and respective control groups, whereas, 2.2-fold (p<0.005) 
and 2.0-fold (p<0.005) higher LV Acta1 mRNA expression could be observed in Ang II 
1.1mg/kg 14d and Ang II 0.2mg/kg 28d mice versus their respective controls. The slight 
increase (1.4-fold)  in LV Acta 1 mRNA expression in Ang II 1.5mg/kg 14d did not reach 
significance versus their controls (Figure 12). 
 
Figure 12. Impact of different doses or durations of Ang II on left ventricular mRNA expression of 
hypertrophy-related genes. The three different control and respective Ang II groups are separated with 
black dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in control 1.1 mg/kg 
14d, n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in 
control 0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's 
t test was performed for data comparison between each respective control vs. Ang II group. Myh7b: 
Myosin Heavy Chain 7B; Acta1: Actin Alpha 1, Skeletal Muscle; GAPDH: Glyceraldehyde 3-phosphate 
dehydrogenase; Ang II: Angiotensin II; d: day; SEM: standard error of the mean; vs.: versus.  For the 




3.5. Angiotensin II receptor type 1  
Expression levels of the angiotensin II receptor type 1 (AT1R) define the biological 
efficacy of Ang II. To get first indications about the biological efficacy of Ang II in the 
different Ang II models,  we examed the AT1R expression in each experimental group. 
LV AT1R mRNA expression was slightly increased (1.2-fold and 1.1-fold) in Ang II 
1.1mg/kg 14d and Ang II 0.2mg/kg 28d mice compared to their respective controls, 
without reaching significance, whereas Ang II 1.5mg/kg 14d mice exhibited 1.3-fold 
(p>0.05) lower LV AT1R levels compared to their controls (Figure 13).  
 
Figure 13. Impact of different doses or durations of Ang II on left ventricular AT1R mRNA 
expression in mice. The three different control and respective Ang II groups are separated with black 
dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in control 1.1 mg/kg 14d, 
n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 
0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test 
was performed for data comparison between each respective control vs. Ang II group. AT1R: Angiotensin 
II Receptor Type 1; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Ang II: Angiotensin II; d: day; 







3.6. Left ventricular Inflammation 
3.6.1. Gene expression 
3.6.1.1. S100A8, S100A9, TLR4 and RAGE 
S100 calcium-binding protein A8 (S100A8) and S100 calcium-binding protein A9 
(S100A9) are members of the innate immunity and mediate the inflammatory response. 
They bind to toll-like receptor 4 (TLR4) and receptor for advanced glycosylation end 
products (RAGE), activating the MAP-kinase and NF-kappa-B signaling pathways and 
resulting in the amplification of the proinflammatory cascade. Given the relevance of 
S100A8 and S100A9 in different cardiac diseases (103, 108), we next evaluated their 
LV mRNA expression as well as of the LV mRNA expression of their receptors, TLR4 
and RAGE (Figure 14) . 
LV S100A8 and S100A9 mRNA expression tended to be increased in Ang II 1.1mg/kg 
versus control 1.1.mg/kg mice (2.6-fold and 3.1-fold, respectively (P>0.05)), whereas in 
the other Ang II regimens, there was clearly no regulation in LV S100A8 and S100A9 
expression. LV TLR4 and RAGE expression was not changed following Ang II, under 





Figure 14. Impact of different doses or durations of Ang II on left ventricular S100A8, S100A9, 
TLR4 and RAGE mRNA expression of in mice. The three different control and respective Ang II groups 
are separated with black dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in 
control 1.1 mg/kg 14d, n=12 in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 
mg/kg 14d, n=8 in control 0.2 mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney 
U test or a Welch's t test was performed for data comparison between each respective control vs. Ang II 
group. S100A8: S100 Calcium Binding Protein A8; S100A9: S100 Calcium Binding Protein A9; TLR4: 
Toll-Like Receptor 4; RAGE: Receptor For Advanced Glycosylation End Products; GAPDH: 
Glyceraldehyde 3-phosphate dehydrogenase; Ang II: Angiotensin II; d: day; SEM: standard error of the 






3.6.1.2. Cytokines  
Next, the impact of Ang II on LV cytokine mRNA expression was investigated. Real-time 
PCR analysis revealed that LV mRNA of the anti-inflammatory cytokine interleukin (IL)-
10 (Figure 15A), and the pro-inflammatory cytokines IL-1ß (Figure 15B), IL-6 (Figure 
15C), and TNF-α (Figure 15D) were not altered in none of the different Ang II regimens 
compared to control mice. 
 
Figure 15. Impact of different doses or durations of Ang II on left ventricular cytokine mRNA 
expression in mice. The three different control and respective Ang II groups are separated with black 
dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in control 1.1 mg/kg 14d, n=12 
in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 
mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was 
performed for data comparison between each respective control vs. Ang II group. IL-10: Interleukin-10; IL-
1β: Interleukin-1β; IL-6: Interleukin-6; TNF-α: Tumor-Necrosis Factor-α; GAPDH: Glyceraldehyde 3-






Evaluation of the LV gene expression of the chemokines C-C Motif Chemokine Ligand 
(CCL) 2, CCL5, CCL7 and C-X3-C Motif Chemokine Ligand 1 (CX3CL) 1 showed that 
CCL2 was 1.3-fold (p<0.05) and 1.4-fold (p<0.05)  reduced in Ang II 1.5mg/kg 14d and 
Ang II 0.2mg/kg 28d compared to their respective controls (Figure 16A). LV CCL5 an 
CCL7 mRNA expression was not altered in the different Ang II groups (Figure 16B and 
Figure 16C), whereas LV CX3CL1 was 1.2-fold (p<0.01) and 1.3-fold (p<0.01) lower 
expressed in Ang II 1.1mg/kg 14d and Ang II 1.5mg/kg 14d mice compared to their 






















Figure 16. Impact of different doses or durations of Ang II on left ventricular chemokine 
expression in mice. The three different control and respective Ang II groups are separated with black 
dotted lines. Bar graphs represent the mean±SEM of expression, with n=8 in control 1.1 mg/kg 14d, n=12 
in Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 
mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was 
performed for data comparison between each respective control vs. Ang II group. CCL2: C-C Motif 
Chemokine Ligand 2; CCL5: C-C Motif Chemokine Ligand 5; CCL7: C-C Motif Chemokine Ligand 7; 
CX3CL1: C-X3-C Motif Chemokine Ligand 1; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; Ang 
II: Angiotensin II; d: day; SEM: standard error of the mean; vs.: versus; For the whole graph panel with 




3.6.2. Left ventricle immune cell presence 
Compared with control 1.1mg/kg 14d mice, Ang II 1.1mg/kg 14d displayed 1.6-fold 
(p<0.05) higher CD4 cells in the LV., whereas Ang II 1.5mg/kg 14d mice exhibited 1.7-
fold (p<0.001) higher LV CD4 cells than control 1.5mg/kg 14d mice. LV CD4 cells were 
1.3-fold (p<0.05) higher in Ang II 0.2mg/kg 28d mice compared to control 0.2mg/kg 28d 
(Figure 17). 
Related to CD8a cells, no difference in LV presence was found in Ang II 1.1mg/kg 14d 
versus control 1.1mg/kg 14d mice. LV CD8a cell presence was 2.3-fold (p<0.0005) and 
1.5-fold (p<0.05) increased in Ang II 1.5mg/kg 14d and Ang II 0.2mg/kg 28d mice 
versus their respective controls (Figure 18).  
In contrast to CD4 and CD8a cells, CD68 cells were not increased in any of the Ang II 
groups versus their respective controls (Figure 19).  
LV Ly6g cells were only increased in, Ang II 1.1mg/kg 14d mice (1.3-fold; p<0.05) 
versus control 1.1mg/kg 14d. The other Ang II regimens did not influence LV Ly6g cell 





Figure 17. Impact of different doses or durations of Ang II on LV CD4+ cells presence in mice. 
Representative CD4-stained LV sections (magnification ×100) of control (A, upper half) and respective 
Ang II groups (A, lower half) of 1.1 mg/kg 14d (B, left), 1.5 mg/kg 14d (B, middle), and 0.2 mg/kg 28d 
(B, right) groups. The three different control and Ang II groups are separated with black dotted lines. Bar 
graphs represent the mean±SEM of CD4+ cells per mm2 HA with n=8 in control 1.1 mg/kg 14d, n=12 in 
Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 
mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was 
performed for data comparison between each respective control vs. CD4: cluster of differentiation 4; Ang 
II group. Ang II: Angiotensin II; LV: left ventricular; d: day; SEM: standard error of the mean; HA: heart 





Figure 18. Impact of different doses or durations of Ang II on LV CD8a+ cells presence in mice. 
Representative CD8a-stained LV sections (magnification ×100) of control (A, upper half) and respective 
Ang II groups (A, lower half) of 1.1 mg/kg 14d (B, left), 1.5 mg/kg 14d (B, middle), and 0.2 mg/kg 28d 
(B, right) groups. The three different control and Ang II groups are separated with black dotted lines. Bar 
graphs represent the mean±SEM of CD8a+ cells per mm2 HA with n=8 in control 1.1 mg/kg 14d, n=12 in 
Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 
mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was 
performed for data comparison between each respective control vs. Ang II group. CD8a: cluster of 
differentiation 8a; Ang II: Angiotensin II; LV: left ventricular; d: day; SEM: standard error of the mean; HA: 





Figure 19. Impact of different doses or durations of Ang II on LV CD68+ cells presence in mice. 
Representative CD68-stained LV sections (magnification ×100) of control (A, upper half) and respective 
Ang II groups (A, lower half) of 1.1 mg/kg 14d (B, left), 1.5 mg/kg 14d (B, middle), and 0.2 mg/kg 28d 
(B, right) groups. The three different control and Ang II groups are separated with black dotted lines. Bar 
graphs represent the mean±SEM of CD68+ cells per mm2 HA with n=8 in control 1.1 mg/kg 14d, n=12 in 
Ang II 1.1 mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 
mg/kg 28d, n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was 
performed for data comparison between each respective control vs. Ang II group. CD68: cluster of 
differentiation 68; Ang II: Angiotensin II; LV: left ventricular; d: day; SEM: standard error of the mean; HA: 





Figure 20. Impact of different doses or durations of Ang II on LV Ly6g+ cells presence in mice. 
Representative Ly6g-stained LV sections (magnification ×100) of control (A, upper half) and Ang II 
groups (A, lower half) of 1.1 mg/kg 14d (B, left), 1.5 mg/kg 14d (B, middle), and 0.2 mg/kg 28d (B, right) 
groups. The three different control and Ang II groups are separated with black dotted lines. Bar graphs 
represent the mean±SEM of Ly6g+ cells per mm2 HA with n=8 in control 1.1 mg/kg 14d, n=12 in Ang II 1.1 
mg/kg 14d, n=9 in control 1.5 mg/kg 14d, n=12 in Ang II 1.5 mg/kg 14d, n=8 in control 0.2 mg/kg 28d, 
n=12 in Ang II 0.2 mg/kg 28d. A nonparametric Mann–Whitney U test or a Welch's t test was performed 
for data comparison between each respective control vs. Ang II group. Ly6g: Lymphocyte antigen 6 
complex locus G6D; Ang II: Angiotensin II; LV: left ventricular; d: day; SEM: standard error of the mean; 






HFpEF is characterized by signs and symptoms of HF in the presence of a normal 
LVEF. Although HFpEF accounts for more than half of all clinical manifestations of HF, 
underlying pathomechanisms of HFpEF are still incompletely understood, and there is 
no effective treatment so far(109). At present, access to human samples is limited and 
existing HFpEF animal models imperfect, which impedes our understanding of the 
underlying mechanisms of HFpEF. Among the current animal model methods, Ang II-
infused mice have been recognized as a model to mimic the human HFpEF 
phenotype(60). Though, the optimal dose and duration of Ang II application is still 
unknown and under intense discussion. 
Murdoch et al. used an Ang II dose of 1.1 mg/kg per day for 14 days in wild-type mice. 
They found that this dose of Ang II can induce myocardial fibrosis and myocyte 
hypertrophy resulting in a diastolic dysfunction phenotype(70). Mori et al. utilized an Ang 
II dose of 1.5 mg/kg per day in 9-week-old male C57/BL6 wild-type mice for 14 days. 
Their study also showed that Ang II can induce pathological cardiac hypertrophy and LV 
diastolic dysfunction(97). Regan et al. implemented an Ang II dose of 0.2 mg/kg per day 
in 8-week-old outbred male CD1 mice for 28 days. They found that this dose and 
duration of Ang II can induce cardiomyocyte hypertrophy and interstitial myocardial 
fibrosis, and reproduce the HFpEF features of impaired LV relaxation and increased LV 
elastance(73). The data in their experiments were sufficient to support their conclusions. 
However, some hemodynamic parameter results were inconsistent or still disputed 
across the three studies (potentially caused by the different strains of mice), especially 
dP/dtmax, dP/dtmin, and τ, which are key indicators for evaluating systolic (98, 99) and 
diastolic function(99-101). Therefore, in this study, we compared the three Ang II dose 
regimens of the above studies in parallel, avoiding differences in external factors, in the 
same mouse background, with the aim to investigate the above-mentioned controversial 
parameters, and to compare markers of fibrosis, hypertrophy, and inflammation to 
discuss, which dose of Ang II might be of better choice to mimic HFpEF. 
4.1. Hemodynamics 
HFpEF denotes the signs and symptoms of clinical HF in a patient with a normal LVEF 




mice were at a healthy level, which were the prerequisite for the successful production 
of HFpEF animal models. 
LVEF is a weak and nonspecific index of contractile function. Studies evaluating load-
independent measures of the chamber and myocardial contractile function have shown 
that there are decreases in systolic function in patients with HFpEF compared with age-
matched healthy controls as well as asymptomatic hypertensives(12). This finding of 
impaired systolic function has been confirmed in numerous studies utilizing tissue 
Doppler and strain imaging techniques(14, 36). Abnormalities in LV systolic properties 
are strongly associated with adverse outcomes in patients with HFpEF(12, 37). Inability 
to augment systolic function also begets and worsens diastolic reserve in HFpEF(38). 
These relatively mild abnormalities in systolic function at rest become much more 
significant during exercise, which further stresses an already-compromised heart(38).    
Among the different Ang II groups, only Ang II 1.1mg/kg 14d mice established an 
impairment in systolic function as indicated by a reduced dP/dtmax compared to control 
14d mice. Related to diastolic function, dP/dtmin was reduced in Ang II 1.1mg/kg 14d 
mice compared to its control group. Whereas the marker of diastolic stiffness Tau only 
tended to be higher (p= 0.3154). The diastolic function indexes of Ang II 1.5mg/kg 14d 
and Ang II 0.2mg/kg 28d mice were similar to their specific control groups.  
The previous three studies(70, 73, 97) have proven that each of the three doses of Ang 
II could induce HFpEF, but the mice used and external factors were not uniform in their 
studies, and some of the hemodynamic results were dispute. The hemodynamics 
studied in this research mainly involved the controversial parameters in the previous 
three studies. We applied the same strain of mice, exhibited to identical external factors 
to allow a better horizontal comparison of three dose regimens of Ang II. Based on the 
parameters examined in our study, Ang II 1.1mg/kg 14d mice had a normal LVEF with 
characteristics of impaired systolic and diastolic function, which are necessary for a 
HFpEF model. It can be concluded that Ang II 1.1mg/kg 14d mice were eligible to 
compete for a HFpEF model.  
Nevertheless, it should be addressed that Tau in our Ang II 1.1mg/kg 14d mice was 
consistent with Murdoch et al.(70), but inconsistent with Regan et al.(73). This might be 
explained due to differences in strains of mice with different genetic backgrounds we 




models(112). Furthermore, differences in housing conditions may also alter the immune 
status of mice(113, 114) and consequently change the AngII-induced outcome. 
4.2. Fibrosis 
Collagen is the most abundant extracellular protein found within the myocardium(115). It 
is responsible for the vast majority of the mechanical strength of the matrix, while also 
transmitting the force generated by myocytes. More specifically, type I collagen 
represents 85% of the collagen content found within the myocardium(116). Kasner and 
colleagues(117) found correlations between LV filling index E/E' and the degree of 
myocardial collagen amount, collagen cross-linking, and expression of LOX in HFpEF 
patients, and demonstrated that cardiac fibrosis-associated LV compliance disturbances 
contribute to the lower cardiac performance in HFpEF. Mohammed et al. investigated 
124 HFpEF patients and 104 age-appropriate control patients and confirmed that 
HFpEF patients had more myocardial fibrosis than controls(118). In HFpEF, an increase 
in the amount of collagen is observed with a corresponding increment in the width and 
continuity of the fibrillar components of the extracellular matrix(15, 69). While there is 
typically more interstitial fibrosis in HFpEF than healthy controls, the differences are not 
invariably striking, and many patients may not show marked evidence of fibrosis(118). 
TGF-β is a pleiotropic mediator with potent and diverse effects on many cell types 
involved in cardiac fibrosis. TGF-β can induce the transformation from fibroblasts to 
myofibroblasts(119, 120).  
In our study, immunohistochemistry results showed that the expression of collagen 1 
(Col1) protein in Ang II 1.1mg/kg 14d was higher than that in its control group, whereas 
Ang II 1.5 mg/kg 14d and Ang II 0.2 mg/kg 28d mice did not exhibit higher LV Col1 
expression than that in their specific control group. 
In parallel to the increased Col1 protein expression, Col1a1 mRNA was reduced in Ang 
II 1.1mg/kg 14d mice compared to the control group. This observation is in agreement 
with Van Linthout et al., who found that cardiac fibrosis is associated with decreased 
collagen type I mRNA expression under STZ-diabetic and non-LV dilatation 
conditions(121) and can be explained by the fact that the presence of collagen can 
reverse regulate the expression of collagen-related genes (negative feedback loop), LV 
Col3a1 mRNA expression was increased in none of the Ang II groups compared to the 




increased in Ang II 1.1mg/kg 14d versus control mice, suggesting that the elevated Col1 
deposition in Ang II 1.1mg/kg 14d mice might be the result of pro-fibrotic signaling which 
occurred within the previous 14 days or of an impaired degradation via matrix 
metalloproteinases. 
4.3. LV hypertrophy 
LV concentric remodeling or hypertrophy is one of the hallmarks of HFpEF(122). Forced 
expression of Myh7b protein in the mouse heart was reported causing severe dilated 
cardiomyopathy(123), whereas Myh7b expression is decreased in cardiac hypertrophy, 
(124). Chen's team demonstrated that Myh7b knockout triggered hypertrophic 
cardiomyopathy by activation of the CaMK-signaling pathway(125). Interestingly, LV 
Myh7b expression was not differently expressed in Ang II groups compared with their 
corresponding controls.  
The Acta1 gene encodes the protein called skeletal alpha (α)-actin, which is part of the 
actin protein family. Actin proteins are important for cell movement and the tensing of 
muscle fibers (muscle contraction). Conform to our findings that Ang II 1.1mg/kg 14d 
represents the best HFpEF model of all Ang II investigated models, LV mRNA 
expression of the typical hypertrophy marker Acta1(126, 127) was increased in Ang II 
1.1mg/kg 14d. Though, an increase in LV Acta1 mRNA expression could also be 
detected in Ang II 0.2mg/kg 28d mice versus their respective controls. 
LV hypertrophy is usually accompanied by alterations in microvascular density(128). In 
this case, the cardiac microvasculature may undergo compensatory growth, which was 
also shown in our experiments. In our study, we observed that the (micro)vascular 
density increased in both Ang II 1.1mg/kg 14d and Ang II 1.5mg/kg 14d, versus their 
respective control mice. This was associated with lower LV VEGF mRNA expression 
compared to respective controls. This might be explained by a negative feedback loop, 
but the specific reasons need to be further studied. 
In this section, we also measured LV mRNA expression of AT1R. This gene well 
represents "the biological efficacy of Ang II". Ang II binds to AT1R and initiates a signal 
transduction cascade that increases hypertrophy(129). In our study, LV AT1R mRNA 




In summary, changes in LV Myh7b and Acta1 mRNA expression together with the 
alterations in (micro)vascular density indicate that hypertrophy is more likely to be 
present in Ang II 1.1mg/kg 14d mice than in the other Ang II groups.  
4.4. Inflammation 
Inflammation is an essential part of the immune response that aims to resolve the 
source of the disturbance (infection or injury) and to maintain tissue homeostasis. The 
inflammatory response requires fine-tuning and precise regulation and should be limited 
by an anti-inflammatory response, which is fast, reversible, localized, flexible to changes, 
and integrated by the nervous system(130).  
Inflammation triggers HF in its different aspects. Inflammation affects pathological 
substrates (endothelial dysfunction, atherosclerosis)(131), and comorbidities (diabetes 
and obesity)(132) underlying HF, and influences the progression and outcome of 
acute(133, 134) and chronic HF(135). Additionally, HF causes inflammation in various 
peripheral tissues in a direct (inflammatory) and indirect (hemodynamic) manner, as 
previously studied(103). HF is a complex syndrome as the ending of virtually all forms of 
cardiac disease. HF induces sterile inflammation in the heart itself via wall stress and 
signals released by malfunctioning, stressed, or dead cells secondary to HF(130).  
Increased inflammation also happens in HFpEF. There is substantial evidence that 
inflammation and the processes related to it, such as oxidative stress and endothelial 
dysfunction, are not only activated in HFpEF but that they may also play a 
pathophysiologically important and causative role(136). In fact, a low-grade systemic 
inflammation has been proposed to be the initial trigger inducing cardiac remodeling 
associated with HFpEF(28, 137). The microvascular HFpEF paradigm was first 
proposed in 2013(137). According to the paradigm, a low-grade systemic inflammation 
induced by comorbidities triggers coronary microvascular inflammation and dysfunction, 
underlying the subsequent HFpEF-specific cardiac concentric remodeling(28, 137). 
S100A8 and S100A9 belong to the S100A family and are directly linked to the innate 
immune system(108). Their proinflammatory activity includes recruitment of leukocytes, 
promotion of cytokine and chemokine production, and regulation of leukocyte adhesion 
and migration. S100A8/A9 aggravates post-ischemic HF through activation of RAGE-
dependent NF-κB signaling(103, 138). S100A8 and S100A9 are involved in 




They are abundantly expressed in neutrophils and monocytes and are released during 
inflammatory conditions(108). TLRs and RAGE are important pattern recognition 
receptors for the recognition of endogenous danger-associated molecular patterns 
including the intracellular S100 proteins, heat shock protein, HMGB1, matricellular 
proteins, and mitochondrial DNA, released by the heart during HF. Stimulation of TLRs 
in cardiomyocytes initiates a NF-kB-dependent inflammatory response(140). In the 
mouse, S100A8/A9 has been documented to signal through RAGE to promote 
inflammation and fibrosis after Ang II or hypoxic-induced cardiac injury(141). Clinical 
evidence emphasizes that high levels of plasma S100A8/A9 are risk factors for future 
myocardial infarction and cardiovascular death in healthy individuals(142). Müller et al. 
reported that S100A8 and S100A9 mRNA levels showed a 13-fold (P=0.012) and 5.1-
fold (P=0.038) increase in CVB3-positive patients versus controls, respectively. 
Additionally, they demonstrated that S100A8 and S100A9 aggravates CVB3-induced 
myocarditis(103). Raphael et al found that plasma levels of S100A8 were significantly 
higher in patients with HFpEF than in healthy controls(143). In our study, we found a 
trend in increased expression of LV S100A8, S100A9, TLR4, and RAGE in Ang II 1.1 
mg/kg 14d mice versus control 1.1 mg/kg 14d mice, which is in support for a potential 
role of S1008 and S100A9 in these Ang II mice. 
Cytokines are a broad category of small proteins, which have been shown to be 
involved in autocrine, paracrine and endocrine signaling, as immunomodulating 
agents(144, 145). Their relevance in various forms of HF is well documented. In 1996, 
the cytokine hypothesis was proposed to define the relationship between endogenous 
cytokines and the progression of HF(146). IL-10 is a primary anti-inflammatory cytokine. 
Hulsmans et al. demonstrate that cardiac-resident MHCIIhigh macrophages have a 
pathogenic role in HFpEF through their IL-10 production(147). In our study, no change 
of IL-10 was seen across the three Ang II groups. IL-1β, IL-6, and TNF-α are pro-
inflammatory cytokines that are crucial for host-defense responses to infection and 
injury(148). However, like IL-10, no differences were found in LV IL-1β, IL-6, and TNF-α 
mRNA expression between all three Ang II groups and their respective controls. 
Chemokines are a family of small cytokines, or signaling proteins secreted by cells, 
and play a central role in the development and homeostasis of the immune system. 
They induce inflammatory cells mobilization and migration plays a crucial role in cardiac 




divided into inflammatory chemokines and homeostatic chemokines. CCL2, CCL5 and 
CCL7 are chemokines attracting pro-inflammatory monocytes(105, 150, 151), whereas 
CX3CL1 and its specific receptor CX3CR1 have been shown to attract anti-
inflammatory monocytes(105, 152, 153). Based on the data in our research, Ang II 
0.2mg / kg 28d showed a decrease in CCL2, and Ang II 1.5mg/kg 14d displayed a 
decrease in both CCL2 and CX3CL1, while in Ang II 1.1mg/kg 14d mice, LV CX3CL1 
mRNA was reduced. Evaluation of quantitative trait loci revealed CCL2 as a prime 
candidate for diastolic function(154). CCL2 function is mediated through its receptor 
CCR2. CCR2-dependent monocyte migration has been shown to contribute to cardiac 
macrophage expansion in mice with diastolic dysfunction(147), whereas inhibiting 
monocyte recruitment alone was not sufficient to prevent congestive heart failure. LV 
CCL2 decreased in the Ang II 1.5 mg/kg 14d and Ang II 0.2mg/kg 28d mice, but not in 
Ang II 1.1mg/kg 14d versus their respective controls. This finding in Ang II 1.1mg/kg 14d 
mice together with the lower observed LV expression of CX3CL1, known to attract anti-
inflammatory monocytes(109), in Ang II 1.1mg/kg 14d suggests a more prominent 
increase in pro-inflammatory response in those mice. 
Immunohistochemical evidence. All three Ang II groups exhibited a higher presence 
of CD4 cells compared to their controls, whereas only Ang II 1.5mg/kg 14d and Ang II 
0.2mg / kg 28d mice displayed higher CD8a cells versus their respective controls. No 
differences were found in LV presence of CD68+ cells among the AngII and respective 
control mice, whereas LV presence of Ly6g cells was increased in Ang II 1.1mg/kg 14d 
mice. CD8a plays a vital role in the LV sterile immune circuit and is crucial to ventricular 
remodeling caused by pathological immune changes(155). Since CD4 cells display a 
greater negative impact on cardiac remodeling than CD8a(156), the higher deducted 
CD4 to CD8 ratio in Ang II 1.1mg/kg 14d compared to Ang II 1.5mg/kg 14d and Ang II 
0.2mg / kg 28d mice might be indicative for a more pronounced cardiac remodeling in 
those mice. Karagöz et al.(157) demonstrated that higher grades of diastolic dysfunction 
were associated with a higher neutrophil to lymphocyte ratio. The neutrophil marker, 
Ly6g, was only increased in Ang II 1.1mg/kg 14d mice versus control mice further 








To date, there is no universally agreed guideline for identifying HFpEF models, but most 
researchers agree that normal LVEF, LV diastolic dysfunction, and cardiac hypertrophy 
are necessary for identifying HFpEF(60, 70, 72, 73, 158). Regan et al. 's report(73) 
suggested that the HFpEF model should have the following characteristics, 1) normal 
LVEF; 2) abnormal LV diastolic function; 3) cardiomyocyte hypertrophy; and 4) 
myocardial fibrosis. Valero-Muñoz's group(60) reported that the “ideal” criteria for 
identifying HFpEF should be 1) normal LVEF; 2) diastolic dysfunction (or exercise 
intolerance); 3) pulmonary edema; and 4) concentric cardiac hypertrophy.  
In our study, Ang II 1.1 mg/kg 14d mice displayed a normal EF. Among all three studied 
Ang II groups, it exhibits the most severely impaired systolic and diastolic function, the 
most expressed cardiac fibrosis, and the most pronounced hypertrophy, and 
inflammatory response. It passes the initially necessary HFpEF identification criteria. 
Though, following the Valero-Muñoz’s identification criteria, more experiments are 
needed to verify whether our model is ideal, including the investigation of exercise 
intolerance and pulmonary edema. An exercise test can determine whether the animal 
has exercise intolerance and can better elucidate the presence of diastolic 
dysfunction(60). In early-stage or exercise intolerance HFpEF, frequently, symptoms of 
diastolic dysfunction occur only during exercise, as LV filling pressure is normal at rest, 
but increases with exercise(159). This implies that LV filling pressures should also be 
measured not only at rest but also during exercise. Given that, the diastolic stress tests, 
during exercise, will provide insights into cardiovascular hemodynamics(159). Recently, 
guidelines from the American Society of Echocardiography/European Association of 
Cardiovascular Imaging regarding the evaluation of LV diastolic function by 
echocardiography(160, 161) and clinical use of stress echocardiography in nonischemic 
heart disease included diastolic stress echocardiography as a valuable tool for the 
evaluation of patients with unexplained dyspnea and subclinical LV diastolic 
dysfunction(162, 163). Pulmonary edema examination may insure the animal of HF. In 
short, Valero-Muñoz's criteria can make sure the HFpEF model is more rigorous and 
ideal.  
HFpEF is a complex syndrome in which the etiology and pathophysiological pathways 
of individual patients are variable(164). Any animal model may resemble only a certain 




requirements that mimic human disease, including cardiac, hemodynamic, 
neurohormonal, and peripheral aberrations common in HFpEF patients(92). However, 
the "one size fits all" strategy is unlikely to work in animal models. In the laboratory, a 
more tailored approach to specific phenotypes is needed to understand the complex 
interactions behind this disease. HFpEF in humans is closely related to diseases such 
as hypertension, obesity and diabetes(84). There is a lot of overlap between these 
comorbidities, and a direct causal relationship between each other and HFpEF has not 
yet been established. However, if this causality can be elucidated, it may be an 
important step towards creating a more “ideal” HFpEF animal model. 
In conclusion, among the three studied groups of mice with different Ang II doses and 
durations, Ang II 1.1 mg/kg 14d mice have properties closest to the HFpEF prototype. 
However, further research is needed to establish an ideal HFpEF model, to understand 
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